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Berglund, H. T. (M.S., Geology)
Geodetic Measurements of Deformation in the Rio Grande Rift Region
Thesis directed by Prof. Anne F. Sheehan
We use 3 years of measurements from 25 continuous GPS stations across the Rio Grande
Rift in New Mexico and Colorado to estimate surface velocities, time series and strain rates. The
stations are part of the EarthScope Rio Grande Rift experiment, a collaboration between researchers
at the University of Colorado at Boulder, the University of New Mexico, and Utah State University.
The network includes 5 east-west station profiles transecting the rift, with the southernmost line in
southern New Mexico and the northernmost line in northern Colorado. Most of the stations have
shallow-drilled braced monuments installed in 2006-2007 and will remain occupied until 2010-2011
or longer. Data from regional Plate Boundary Observatory (PBO) GPS stations are included in
the processing to increase station density and extend profiles further to the east and west of the
Rio Grande Rift. Time series from the first three years of the experiment show excellent monument
stability. Our results suggest that steady-state extension across the southern Rio Grande rift
has a rate of 0.48 0.38 mm/yr. We did not detect significant steady-state extension across the
northern reaches of the Rio Grande rift, but results give an upper bound of 0.9 mm/yr. We find
that east-west extension rates from the 4 northern profiles increase from north to south, which is
consistent with a clockwise rotation of the Colorado Plateau around a pole of rotation in northern
Colorado.
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Chapter 1 
 
Introduction 
 
 Active continental deformation is a complex process and has been difficult to quantify 
accurately (Thatcher, 2009). Space geodesy can now provide surface velocity fields providing 
constraints on active continental deformation. The installation of GPS monuments associated 
with the Plate Boundary Observatory (PBO) and the Rio Grande Rift GPS experiment (Fig. 1.1) 
has greatly enhanced geodetic coverage of the physiographic regions of the Rio Grande rift and 
the Colorado Plateau. These new measurements, made largely during the past ~3 years, now 
provide detailed mappings of the contemporary velocity field across the Rio Grande rift and the 
Colorado Plateau, which sheds new light on the characteristics of deformation in this region.  
 Prior geodetic measurements in this region have been sparse. Very Long Baseline 
Interferometry (VLBI) found that the velocity of two sites on the Colorado Plateau differed 
significantly from zero relative to stable North America with upper bounds of ~4-5 mm/yr 
(Argus and Gordon, 1996).  Classical trilateration surveys of a geodetic network across the Rio 
Grande rift near Socorro, NM could not detect extension across the rift and gave an upper bound 
of  ~1 mm/yr (Savage et al., 1980). Estimates of extension from the geology of the Albuquerque 
basin are on the order of 0.3 mm/yr (Woodward, 1977). The Rio Grande Rift GPS experiment, 
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together with the PBO array in this region provides a significant improvement of our knowledge 
of the kinematics of this easternmost part of the actively deforming western United States.  
The two goals of this thesis are to more precisely define the contemporary velocity field 
across the Rio Grande rift and Colorado Plateau and to investigate how deformation of the across 
the Rio Grande rift and Colorado Plateau is distributed at the surface across five east-west 
trending profiles.  To accomplish the first goal, we estimate horizontal velocities for 284 
continuously measured GPS monuments in a region straddling the Rio Grande rift and bordered 
by the southern Basin and Range to the south, the Great Plains to the east and the northern Basin 
and Range to the west. Using these velocities we investigate the contemporary motions of this 
region over the times span of ~3 years. To accomplish the second goal we analyze the velocity 
gradients to characterize the deformation within this region.  
In addition to the installation of the Plate Boundary Observatory (PBO) and the Rio 
Grande Rift GPS experiment, there are data available from campaign measurements conducted 
in this region. To increase the number of measurements in Colorado, we conducted a GPS 
campaign of selected monuments from the High Accuracy Reference Network (HARN) in the 
summer of 2008, repeating initial 72-hour observations that were made in the summer of 2001 by 
Blume and Sheehan (2003). Processing and results for those campaign data will not be included 
with this thesis. However, information regarding the campaign experiment will be provided in 
Appendix D. Data from this experiment is archived at UNAVCO and is available upon request 
(www.unavco.org).  
This thesis is organized into five chapters. Chapter 2, entitled Geological Background and 
Setting, provides a brief tectonic history of the physiographic regions included in this study. 
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Chapter 3, Data Processing and Analysis, describes how the data was collected and our analysis 
methods. Chapter 4, Results, describes the velocity and strain rate estimates for the regions 
included in this study. Chapter 5, Discussion and Conclusions, discusses the implications of 
these results.  
There are five appendices included in this thesis. Appendix A, Rio Grande Rift GPS 
Time Series, includes position time series for the Rio Grande rift GPS experiment. Appendix B, 
Globk and Glorg Command Files, includes the command files used during analysis of the GPS 
data using the GLOBK/GLORG (King and Bock, 1999; Herring, 2005) analysis software. 
Appendix C, GPS Velocities, provides a table of velocity estimates for the 284 GPS monuments 
included in this study. Appendix D, HARN GPS campaign, includes information about the GPS 
campaign conducted in the summer of 2008. Appendix D includes four tables showing 
information regarding the equipment used in the experiment, the location of the monuments used 
in the experiment, and the antenna heights at each location for campaign years 2001 and 2008.  
Appendix E, GPS Overview and Theory, describes the Global Positioning System and how it can 
be used to make geodetic measurements. 
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Figure 1.1. Shaded relief location map of the Rio Grande Rift GPS Experiment (yellow circles) 
and the Plate Boundary Observatory (red triangles). Dashed lines denote state boundaries. 
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Chapter 2 
 
Background and Setting 
 
2.1   Background and Setting 
The southwestern United States has undergone several profound tectonic events since the 
late Cretaceous (Gao et al., 2004). Those events can be characterized by extensive magmatism 
across the west, periods of crustal shortening (e.g. Larimide orogeny) and recent events including 
extension and rifting along the Rio Grande rift. The area surrounding the southern Rocky 
Mountains can be divided into several major physiographic provinces. They include the stable 
North American Craton to the east, the extensional basins of the Rio Grande rift in central 
Colorado and New Mexico, the relatively undeformed Colorado Plateau to the northwest and the 
Basin and Range province approaching the southern Rocky Mountains from the southwestern 
portion of New Mexico.  
2.2   The Rio Grande Rift  
The Rio Grande rift is a distinct geological feature that trends northward along the axis of 
the Southern Rocky Mountains (Keller and Baldridge, 1999; Cordell, 1978). The topographic 
expression of the Rio Grande rift consists of a series of interconnected, asymmetrical grabens (or 
fault bounded basins). Clearly defined rift grabens extend from Leadville, Colorado, in the north, 
to Socorro, New Mexico in the south, forming the basins where Santa Fe and Albuquerque, New 
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Mexico presently reside. Extensional structures may extend beyond Leadville to the north. Tweto 
(1978) showed a diffuse area of normal faulting reaches as far north as the Colorado-Wyoming 
border. The rift’s fault-bounded basins are narrower in Colorado and northern New Mexico and 
widen southward, with widths ranging from ~25-50 km (Cordell, 1978). The Rio Grande rift 
may follow zones of weakened crust from previous tectonic events, including 1.1 Ga, 
Pennsylvanian, and Laramide orogenic events (Chapin and Seager, 1975; Karlstrom and 
Humphreys, 1998). However, the rift transects the north-east trending Precambrian fabric of the 
region. The northern portion of the Rio Grande rift is a distinct topographic and lithospheric 
feature located between two relatively undeformed regions, the Colorado Plateau to the west 
from the stable North American Craton to the east. (Baldridge et al., 1995; Keller and Baldridge, 
1999).  The Rio Grande rift widens and merges with the extensional Basin and Range province 
in Southern New Mexico  (Chapin and Cather, 1994).  Two phases of extension and volcanism 
have been identified from the Cenozoic geologic history of the Rio Grande rift (Morgan et al., 
1986). The early phase of extension occurred in the Oligocene (about 30 Ma) continuing to early 
Miocene (about 18 Ma) and was characterized by low angle faulting and the formation of 
shallow, broad basins.  The later phase of extension occurred in the late Miocene (10-5 Ma) and 
is characterized by high angle faulting with large vertical strains and minor horizontal strains, 
forming the grabens present today.  Another complexity with the evolution of the Rio Grande rift 
is that it occurs in an area where considerable Mesozoic and Cenozoic tectonic activity preceded 
rifting (Keller and Baldridge, 1999). That differs from the Baikal and East African rift systems, 
which had long periods of tectonic stability preceding the rifting events.  
2.3   Volcanic History  
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Compared with other rifts, the volume of magmatic rocks associated with the rift is small. 
The largest volcanic eruptions were to the west of the rift valley during the first phase of 
extension and coeval with widespread magmatism related to subduction of the Farallon slab 
(Keller and Baldridge, 1999).  Eruption rates decreased to a minimum during 22-17 Ma, 
resuming again along the boundary between the rift and the Colorado Plateau from the Middle 
Miocene to Holocene. The Jemez lineament, a major volcanic feature of the rift, trends N52°E 
and has been characterized as a crustal flaw that controlled volcanism and tectonism in the Jemez 
Mountains and the Rio Grande rift zone (Aldrich 1986). Eastward shifts of the basin-bounding 
fault activity of the Espanola basin seem to have been concentrated at the Jemez Lineament. The 
lineament, initially 50 km wide near the Colorado Plateau, narrows to <5km along its NE trend 
within the Rio Grande rift. Active magmatism is present in the area of Socorro, central New 
Mexico. The Socorro magma body has been characterized by high seismicity (Sanford et al., 
1973; Balch et al., 1997), high electric conductivity (Hermance and Neumann, 1991), and long-
term surface uplift (Reilinger and Oliver, 1976; Larsen et al., 1986). Active source reflection 
seismology studies have revealed a strong reflector at a depth of ~19 km with horizontal 
dimensions of 50-70 km (Brown et al., 1987; Ake and Sanford, 1988).  
2.4   Seismicity and Faulting 
 Recent seismic activity has been moderate within the state of Colorado. The largest 
historical earthquake known in Colorado occurred on November 7, 1882, with an estimated 
Richter magnitude of 6.2 < ML < 6.6, and was located in north-central Colorado (Spence et al., 
1996). Many recent events have been well documented including the 2001 Trinidad earthquake 
swarm (Meremonte et al., 2002), earthquakes near Denver induced by the disposal of waste 
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fluids (Evans, 1966; Healy et al., 1968; Herrmann, 1981), and events related to secondary oil 
recovery in western Colorado at the Rangely oil field (Gibbs et al., 1973).  McCalpin (1986) 
suggests that past earthquakes of magnitude 7 to 7.3 have occurred in south-central Colorado by 
analyzing fault-scarp data from the Sangre de Cristo Fault Zone. Data suggests the youngest slip 
on these faults occurred between 5,000 and 15,000 years ago. Widmann et al., (1998) documents 
92 faults with Quaternary offset, including 8 major faults with Holocene displacement. One of 
these faults, the Williams Fork Mountains Fault, is capable of producing a moment magnitude 
6.75 earthquake (Unruh et al., 1993). Fourteen faults around the state have been assigned 
Maximum Credible Earthquakes from M 6.25 – 7.5 (Widmann et al., 1998). Contemporary 
crustal stress in western Colorado includes a roughly northeast-oriented extensional axis, based 
on inversion of earthquake focal mechanisms (Bott and Wong, 1995).  The nature and rates of 
the tectonic processes responsible for creating seismic hazard in Colorado are not well 
understood. Better estimates of contemporary surface deformation in Colorado could lead to a 
greater understanding of the nature and rates of tectonic processes in Colorado.  
 Seismicity within the Rio Grande rift is sporadic and the focal mechanisms are 
dominantly normal but strike-slip is also important (Keller et al., 1991). The focal mechanisms 
generally indicate E-W regimes of extension. The Rio Grande rift has lower seismicity than in 
the northern Basin and Range suggesting that extension within the rift is slower than in the Basin 
and Range (Townsend and Sonder, 2001).  A disproportionate fraction of earthquake activity in 
New Mexico occurs in the middle of the Rio Grande rift at Socorro (Sanford et al., 2002). The 
enhanced seismicity over this small area is believed to be the result of crustal deformation arising 
from inflation of the Socorro magma body (Ake and Sanford, 1988; Hartse et al., 1992; Balch et 
al., 1997). The earthquake catalog from the New Mexico Bureau of Geology and Mineral 
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Resources documents the existence of earthquakes in all physiographic provinces near the Rio 
Grande rift including those considered tectonically stable, such as the Colorado Plateau and the 
Great Plains, as well as the Rio Grande rift (Sanford et al., 2002). From the Earthquake Catalog 
for New Mexico, Sandford et al. (2002) observe that the rift is not clearly defined by the 
seismicity even though the rift contains nearly all faults with evidence of Quaternary movement 
(Fig. 2.1; Sandford et al., 2002). A large fraction of the earthquakes in northern New Mexico 
seem to be related to two prominent lineations, the Jemez lineament and what Sandford et al. 
(2002) define as the Socorro fracture zone (Fig. 2.2).  
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Figure 2.1. Seismicity of New Mexico and bordering areas during the time period 1962-1998 
with moment magnitudes of 2.0 or greater.  A total of 789 earthquakes are plotted on this map, 
215 of which are inside the Socorro Seismic Anomaly. (Sanford et al., 2002) 
 
Figure 2.2. Seismicity of New Mexico and bordering areas during the time period 1962-1998 
with moment magnitudes of 3.0 or greater. A total of 155 earthquakes are plotted on this map, 36 
of which are inside the Socorro Seismic Anomaly. Thirty events outside of the Socorro Seismic 
Anomaly fall within the Socorro fracture zone. The Jemez lineament and the Socorro fracture 
zone are indicated with gray dashed lines. (Sanford et al., 2002) 
 
2.5  Tectonics  
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Tectonically, the southern Rocky Mountains have a complex pre-rift history in the last 80 
Ma (Keller et al. 1991).  Many authors have reached a consensus that horizontal shortening and 
compression dominates the deformation style during the Laramide orogeny (80-50 Ma) (Erslev 
and Koenig, 2009). However, strike slip could have played an important role in the orogeny and 
is still contested (e.g. Cather, 1999; Cather et al., 2006; Wawrzyniec et al., 2007; Fankhauser and 
Erslev, 2004). Hypotheses for the kinematics of the Larimide orogeny include a single stage of 
shortening (NE-E shortening), oblique convergence and multi-stage, multi-directional 
shortening.  Vigorous debate still surrounds the possible links between the Laramide’s 
deformation and coeval plate-margin processes, and if the controls for the deformation were 
internal vs. external (Erslev and Koening, 2009). 
Using paleomagnetic and minor fault data, Wawrzyniec et al. (2002) conclude that their 
findings do not support the Rio Grande rift extending with sinistral extension but rather with 
dextral extension. Additionally, Wawrzyniec et al. (2002) support a northward translation of the 
Colorado Plateau during both the proposed transpression of the Laramide orogeny and proposed 
transtensional stress occurring during the major phases of the Rio Grande rift. In contrast, Cather 
et al. [2006] argue that several lines of geologic evidence support northeast-southwest extension 
occurring in the Rio Grande rift during the Miocene. The evidence includes north-south 
extension in Browns Park and Split Rock Basin north of the Colorado Plateau, northwest-
southeast strikes of Miocene dikes near Socorro and Questa, northwest-southeast trending early 
rift basin near Albuquerque, and Paleo-magnetic data suggesting CCW rotations of post 
Laramide blocks in New Mexico.  
2.6  Lithospheric Structure  
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Seismic velocity studies have shown large variations in P and S wave velocities beneath 
the southern Rocky Mountains and the Rio Grande rift (Lee and Grand, 1996; Dueker et al., 
2001; Gao et al., 2004). Teleseismic tomography shows anomalous slow seismic wave velocities 
in the upper mantle along the Rio Grande rift in New Mexico and further to the north in the 
southern Rocky Mountains of Colorado (Dueker et al., 2001; Lee and Grand, 1996; Li et al., 
2002). Low seismic wave velocities observed beneath the southern Rocky Mountains have been 
attributed to lithospheric hydration (Humphreys et al., 2003; Karlstrom et al., 2005) and thinning 
of the lithosphere in the region (Sheehan et al., 1995; Lee and Grand, 1996). Surface wave 
tomography from the RISTRA experiment shows low shear wave velocities in the uppermost 
mantle within 150 km of the Rio Grande rift axis, which would suggest that rifting is distributed 
over a broad region if the velocity is assumed to be representative of temperature variation and 
viscosity (West et al., 2004).  However, if temperature and viscosity is more correlative with 
seismic attenuation, then rift extension should be distributed over a narrower zone (Boyd and 
Sheehan, 2004).  Forward models of Bouguer gravity along five profiles crossing the Colorado 
Plateau, Rio Grande rift, and western Great Plains require a region of low-density upper mantle 
straddling the Rio Grande rift and extending beneath the eastern margin of the Colorado Plateau 
(Roy et al., 2005). Gravitational buoyancy forces present in the Rio Grande rift should drive 
extension at rates an order of magnitude or more greater than are observed (Townsend and 
Sonder, 2001). The difference between the predicted and measured rates of extension may be 
explained by the long, narrow geometry of the Rio Grande rift and its position between strong 
provinces (Colorado Plateau, Great Plains, Rocky Mountains). The pattern of extension in the rift 
could be related to the distribution of buoyancy forces or rheological heterogeneity or both. 
Better constraints on distribution of surface deformation combined with knowledge of the 
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distribution of mechanical strength in the lithosphere and the distribution and orientation of 
buoyancy forces may help determine what governs the narrow style of rifting present in the Rio 
Grande rift.  
 
2.7  Prior Geodetic Studies  
Prior geodetic measurements in this region have been sparse. Very Long Baseline 
Interferometry (VLBI) found that the velocity of two sites (Flagstaff and Pietown) on the 
Colorado Plateau differed significantly from zero relative to stable North America with upper 
bounds of ~4-5 mm/yr (Argus and Gordon, 1996).  Classical trilateration surveys of a geodetic 
network across the Rio Grande rift near Socorro, NM could not detect extension across the rift 
and gave an upper bound of  ~1 mm/yr (Savage et al., 1980). Estimates of extension from the 
geology of the Albuquerque basin are on the order of 0.3 mm/yr (Woodward, 1977). 
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Chapter 3 
 
Data Processing and Analysis 
 
3.1  GPS Data Acquisition 
 This study uses position estimates of 284 GPS monuments located in the southwestern 
U.S. for the years 2006 through 2010. Several institutions acquired the GPS data used to 
calculate the position estimates.  We use the GPS position products from the EarthScope Plate 
Boundary Observatory (PBO), which are available at the UNAVCO Archive (ftp://data-
out.unavco.org/pub/products/sinex/) in the Solution INdependent EXchange (SINEX) format.  
We estimate the position of 29 sites that are part of the Continuously Operating Reference 
Station (CORS) network, which is coordinated by the National Geodetic Survey (NGS) (Snay et 
al., 2008; http://www.ngs.noaa.gov/CORS/). We also estimate the position of 25 sites that are 
part of the Rio Grande Rift GPS Experiment.  Data from the Rio Grande Rift GPS Experiment 
are available at the UNAVCO Archive (ftp://data-out.unavco.org/pub/rinex/) in the Receiver 
INdependent EXchange (RINEX) format.  We exclude any data prior to GPS week 1400 (Nov. 
5, 2006) to avoid changes in GPS satellite antenna phase models. Corrected orbit ephemeris and 
reprocessed PBO SINEX products should be available within the next year allowing data from 
before GPS week 1400 to be included in any future work.  
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3.2  PBO Position Products 
The PBO GPS network consists of 1,100 continuously operating stations, 880 sites were 
built between 2003 and 2008 with a standard set of specifications. The PBO GPS network is 
designed to study the three-dimensional strain field resulting from deformation across the 
boundary zone between the Pacific and North American plates in the western United States. 
Nearly all of the sites include a Trimble NetRS receiver and a Trimble choke ring antenna. The 
majority of the PBO stations include deep-drilled braced or SCIGN short-drilled braced 
monuments. The monuments are designed to decrease monument noise from near surface 
temperature and moisture variability.  The SINEX solutions used in this analysis were produced 
by PBO analysis centers in two stages. In the first stage, the analysis centers at Central 
Washington University (CWU) and Berkeley Seismological Laboratory (BSL) process GPS 
pseudorange and phase data to produce 24-hour averages of the station coordinates for the PBO 
GPS network. A detailed description of their methodology is available at 
(http://pboweb.unavco.org/?pageid=101). In the second stage of analysis, which is performed by 
the Analysis Center Coordinator, the two independent solutions are combined into the complete 
PBO solution. This study uses the daily combined PBO station coordinate solutions for the 
western United States. UNAVCO provides the PBO network solutions in several formats. In 
order of preference, the following PBO SINEX filenames were used in this analysis: final_snf01, 
suppl_loose and  final_loose. The term ‘loose’ designates that the station coordinates have been 
loosely constrained and have large standard deviations (~0.5 meters). Using loosely constrained 
solutions allows the user to independently define their own reference frame.  The program htoglb 
was used to convert the files from the SINEX format into the binary h-file format required by the 
GLOBK software.  
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3.3  CORS Data 
The CORS GPS network includes numerous monument types, many with poorly 
understood stabilities (Calais et al., 2006).  A total of 29 CORS GPS sites were included in this 
analysis.  The sites were selected based on their data availability, observation time span and 
proximity to the Rio Grande Rift.  Observation times of 2.5 years or longer are required to 
mitigate the effects of seasonal processes using a sinusoidal model [Blewitt and Lavallee, 2002]. 
Sites were selected to augment the spatial coverage of the PBO network in the Rio Grande rift 
region. The RINEX files used in this analysis are available on the web at 
[http://www.ngs.noaa.gov/CORS/].  Loosely constrained position estimates were calculated 
using the GAMIT GPS analysis software (King and Bock, 1999).   
3.4  Rio Grande Rift GPS Experiment Data 
The Rio Grande Rift GPS Experiment included the construction and instrumentation of 
25 GPS monuments in Colorado and New Mexico in 2006 and 2007.  The majority of the sites 
include SCIGN short-drilled braced monuments. The remaining sites include single mast 
monuments. The sites were instrumented with PBO supplied Topcon receivers and Trimble 
choke ring antennas. The Rio Grande Rift GPS sites supplement the PBO GPS network and are 
operated by researchers at the University of Colorado and the University of New Mexico, with 
technical support from UNAVCO.  Field workers visit the sites on a biannual basis for 
maintenance and data retrieval.  The proprietary Topcon data files are uploaded to the UNAVCO 
Archive, where they are later converted into the RINEX format. Information regarding the 
RINEX file format is available at (ftp://ftp.unibe.ch/aiub/rinex/). The data are available at the ftp 
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site (ftp://data-out.unavco.org/pub/rinex/). Position estimates for the CORS sites were calculated 
using the GAMIT GPS analysis software (King and Bock, 1999).   
3.5  GAMIT/GLOBK 
The GAMIT/GLOBK software developed at MIT, the Harvard-Smithsonian Center for 
Astrophysics, and the Scripps Institution of Oceanography is a comprehensive GPS analysis 
package used for estimating station coordinates and velocities, post-seismic deformation, 
atmospheric delays, satellite orbits and Earth orientation parameters (King and Bock, 1999; 
Herring, 1999). GAMIT/GLOBK is designed to operate on any UNIX operating system that 
supports X-Windows.  When compiling the software the user can select the maximum number of 
stations and other parameters allowed during a run.  The code available from MIT comes with a 
default maximum of 55 stations.  To reduce the computational burden with processing large 
networks, it is recommended to divide those networks into smaller sub networks and process 
them independently rather than increasing the default maximum number of stations. The sub 
networks can later be combined with the command line program globk as long as they share 
several common sites. GAMIT/GLOBK documentation is available at the website (http://www-
gpsg.mit.edu/~simon/gtgk/). A good understanding of shell scripting, unix, and general 
programming can make the installation and use of GAMIT/GLOBK much easier. Most of the 
command line programs have help files that appear when you issue a command without any 
options.  
3.5.1 GLOBK Processing 
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GLOBK is a Kalman filter analysis program whose purpose is to combine solutions of 
primary data processing from space and terrestrial based geodetic observations.  It takes as input 
the estimates and related covariance matrices for position coordinates, orbital parameters, and 
earth-rotation parameters. The input estimates should be loosely constrained, so that constraints 
can be applied uniformly during combination in the Kalman filter. GLOBK has several 
command line programs available that convert output files from common primary geodetic 
packages so that they can be used with GLOBK. One of these programs, htoglb, has an option 
that allows previously constrained solutions to be loosened.  
There are three common modes in which GLOBK is used. First, GLOBK can be used for 
combining daily quasi-observables (or any preferred time span) to determine average station 
coordinates for a multi-day session.  Second, GLOBK can be used to create a combination of an 
entire experiment for the purpose of estimating station velocities. Third, GLOBK can be used to 
generate time series plots, which can be used as an assessment of the precision of the experiment. 
GLOBK has some limitations that should be acknowledged. The GLOBK package assumes that 
site displacements are linear (or linear + sinusoidal), requiring any large offsets in the primary 
station positions (e.g. earthquakes) be iterated through the primary processing software to 
produce new quasi-observables. In most cases, mistakes in the primary processing cannot be 
fixed in GLOBK. However, GLOBK can help identify problems with the primary processing. 
It’s important to note that GLOBK cannot resolve phase ambiguities; they must be resolved 
during the primary processing. GLOBK was developed as a very flexible software package 
composed of distinct command line programs that can be run independently or invoked with 
scripts allowing several commands to be run together.  
3.5.2 Data Preparation for GLOBK processing 
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 The primary input file for GLOBK is the binary h-file from GAMIT. The binary h-file 
contains the estimates and related covariance matrices for position coordinates, orbital 
parameters, and earth-rotation parameters. Output files from various GPS analysis programs 
(including GYPSY, GAMIT and BERNESE) can be converted to the binary h-file format using 
the GAMIT program called htoglb.  For this study, ascii h-files from the GAMIT analysis of the 
Rio Grande Rift and CORS sites and SINEX files from the UNAVCO archive were converted 
into the binary h-file format using htoglb. When converting the SINEX files, we used the –e and 
–d=tr options to suppress calculating the eigenvalues and output loosely constrained binary h-
files. All the converted binary h-files were put into a common directory making them available 
for the combination with GLOBK.   
3.5.3 Setting up Data Processing with GLOBK 
   Data analysis using the GLOBK program requires multiple steps to produce accurate 
GPS velocity estimates. The first step to running an experiment with GLOBK is to setup the 
processing directories required by the program. The directories start with an experiment 
directory created by the user. Within the experiment directory, GLOBK requires the following 
sub directories: glbf, gsoln, and tables. The following input files need to be in their respective 
directories prior to running an experiment: binary h-files, command files, a gdl file, an a priori 
file, a stabilization list, and Earth Orientation tables.  The estimates from the primary GPS 
processing and their associated covariance matrices are included in the binary h-files, which 
reside in the glbf directory.  Command files in the gsoln directory control processing options for 
the experiment.  Example command files are included with the software and can be modified to 
suit the needs of a particular experiment. Lists of a priori station coordinates and velocities, Earth 
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orientation parameters, and lists of stabilization sites are located in the tables directory. Earth 
orientation parameter files are available from the SOPAC archive at 
(http://sopac.ucsd.edu/processing/gamit/).  
3.5.4 GLOBK Analysis Method 
 To obtain the site velocities from the estimates (and their covariance matrices) we use the 
GLOBK software (Herring 2004) to combine the products from the PBO analysis centers with 
the GAMIT analysis of the Rio Grande Rift sites and selected CORS sites. We test coordinate 
repetabilities by running glred/glorg to find and remove outliers and fix antenna offsets. We then 
combine the daily estimates into monthly averages to improve the computational efficiency and 
to obtain better long-term statistics for the observations (noise in daily estimates is highly 
correlated). Finally, we combine the monthly averaged position estimates and their covariance 
matrices to estimate site velocities. The velocity solution includes all sites where the standard 
deviations for the horizontal velocity estimates do not exceed 1 mm yr-1. The errors in site 
positions and velocities estimated from GPS observations are a combination of random (‘white’) 
and correlated (‘red’) noise that depends on the satellite and tracking network (both weaker in 
earlier years); the instrumentation and signal scattering environment at each site; atmospheric 
conditions, monument stability and deficiencies in our models for the orbital motions of the 
satellites, and for site motions due to Earth and ocean tides, and atmospheric and hydrological 
loading (McCaffrey et al. 2007).  
3.6  Reference Frame 
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The loosely constrained solutions generated by the program globk have well determined 
inter-station coordinates and velocities but the overall rotation/translation is not yet defined in a 
useful global frame. Therefore, a reference frame can be chosen to suit a particular tectonic 
problem and realized using the program glorg. For the work included in this thesis we choose to 
reference the GPS velocities to stable North America. We estimated 6 Helmert parameters (3 
translation, 3 rotation) for each day so that adjustments to a priori values of the coordinates of a 
group of stations were minimized. Choosing a stable North American frame allows us to better 
investigate deformation within and around the plate. We impose the reference frame constraints 
using the a priori station coordinates and velocities, available at [http://www.unavco.org], for the 
Stable North American Reference Frame (SNARF). We minimize the motions of 9 stations 
whose horizontal motion due to glacial isostatic adjustment is likely less than 1 mm yr-1 
(McCaffrey et al. 2007) using glred/glorg. We then run globk and extract new a priori 
coordinates and velocities for all of the sites, which we later use in the final combination to 
obtain velocities. This last step filters out any common mode signals in the network.  
3.7  Time Series Analysis 
 We use the programs glred/glorg to generate time series of station coordinates and to 
identify and remove any stations or days which are outliers. To reduce the computational burden, 
sites with coordinates outside a box defined by the region between 28° and  65° latitude and -
116° and -60° longitude were excluded from this analysis using the use_site command in the 
globk command file. For the time-series analysis, the SNARF reference frame was implemented 
with the glorg command using the approach described in the previous section. Several new tools 
have been developed to allow rapid testing of GLOBK solutions where the full covariance matrix 
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is not used. For this study, the tools tssum, tsfit, and sh_gen_stats were used to generate an 
earthquake file, a list of stabilization sites (after using the initial 9 sites), an a priori coordinate 
file for all of the sites and random walk noise estimates. Outliers greater than 4-sigma were 
excluded using the ‘xcl’ extension with the rename command in the earthquake file. Time-series 
offsets from antenna swaps were accounted for using the rename command and equate command 
in the GLOBK command file.  The list of stabilization sites output from tsfit determines the 
stabilization sites used for the final velocity solution. The random walk noise estimates are 
included in the final combination to add ‘red’ noise to the velocity estimates.  
3.8  Generating Velocities 
 Following the time-series analysis, we create monthly combinations using the GLOBK 
command. Outliers are excluded and antenna offsets are accounted for using the rename 
command in the earthquake rename file, which was created by using tsfit. After creating the 
monthly combinations using GLOBK, we use both GLOBK and glorg with the monthly 
combinations to estimate velocities. Random walk process noise estimates output from the tsfit 
analysis are included with the final combination using the mar_neu command in the globk 
command file. The resulting uncertainties have larger and more realistic values than assuming a 
white-noise-only model.  The a priori coordinates and velocities estimated during the time-series 
analysis and the new list of stabilization sites are now used to realize a stable North American 
reference frame with the glorg command.  
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Chapter 4 
 
Results 
 
4.1   Rio Grande Rift GPS-Derived Time Series 
 Daily position time-series for the 25 GPS sites of the Rio Grande Rift GPS project and 
for an additional 259 regional GPS stations as described in Chapter 3 (284 GPS stations total) 
were produced using the program glred from the GLOBK analysis program (Herring, 2002).  
The input data for glred included binary h-files, which contain the estimates and related 
covariance matrices for position coordinates, orbital parameters, and earth-rotation parameters 
from the primary processing. The primary processing for the PBO GPS data was completed by 
the Central Washington University (CWU) and the Berkeley Seismological Laboratory (BSL) 
analysis centers and combined by the Analysis Center Coordinator at MIT. A detailed 
description of their methodology is available at (http://pboweb.unavco.org/). Prof. M. Murray 
from the Dept. of Earth and Environmental Science at New Mexico Tech completed the primary 
processing for the 25 sites of the Rio Grande Rift GPS project and the 29 sites included from the 
Continuously Operating Reference Stations (CORS) using the GPS analysis program GAMIT 
(King and Bock, 1999).  The horizontal positions were referenced to stable North America by 
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estimating 6 Helmert parameters (3 translation, 3 rotation) for each day so that adjustments to a 
priori values of the coordinates of a group of stations were minimized. We constrained our 
processing to only use sites located within the latitudes 28° to 65° and longitudes -116° to -60° to 
reduce the processing time.  However, we were required to include sites from the eastern United 
State to define a stable North American reference frame.  The glorg command files used for this 
experiment will be made available in Appendix B. Outliers that deviated more than 4-sigma from 
a linear fit to the time series were removed for clarity and were not used while estimating 
velocities. Due to the large number of time series produced, we only discuss sites installed as 
part of the Rio Grande Rift (RGR) GPS experiment. All of the position time-series for the RGR 
sites are available in Appendix A.  
4.1.1  Annual Variation in Site Coordinates 
We estimate annual sinusoidal signals from the daily position time series for all of the 
284 GPS sites included in this experiment (RGR, PBO and CORS). The amplitude of the annual 
signal in each time series was estimated using the program tsfit, which estimates sine and cosine 
terms with the period specified in days.  Blewitt and Lavallee (2002) found that annual sinusoidal 
signals should be estimated and incorporated while determining site velocities to reduce velocity 
bias due to a repeating signal. We used the estimated annual sinusoidal signals from our time 
series analysis while estimating velocities for all of the 284 GPS sites included in this experiment 
(RGR, PBO and CORS; Chapter 4.2). The time series for the RGR GPS sites show annual 
variations in the vertical component of position with a mean amplitude of 2.05 mm. The RGR 
GPS time series also show annual variations in the horizontal components of position with mean 
amplitudes of 0.43 and 0.63 mm for the north and east components, respectively. For all the GPS 
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sites included in study (RGR, PBO and CORS) the mean amplitudes of the estimated annual 
signals in the north, east and vertical components are 0.87, 0.86 and 3.15 mm, respectively. The 
amplitudes of the annual sinusoidal signals in the horizontal components of the 25 RGR GPS 
sites were <1 mm for all sites except RG14 (Fig. 4.1.1). The annual variation in position for 
RG14 had amplitudes of 1.6 mm in the east component and 1.0 mm in the north component.  
Unusually large seasonal variations in position can indicate an equipment failure, particularly 
when one component is affected more than another. For example, antenna failures can cause the 
phase center to vary more in a particular direction with respect to temperature. 
Analysis of the MP1 and MP2 combinations (described in Appendix E) for site RG14 did 
not show any unusual behavior indicating an equipment failure that might have explained why 
the annual signal was larger in the east component relative to the north component. Both MP1 
and MP2 can be calculated using the teqc program available at 
(http://facility.unavco.org/software/software.html). The combinations MP1 and MP2 are used to 
evaluate multipath at a site because the magnitude of those combinations is dominated by 
pseudorange multipath. Despite its large annual signal in the east component, RG14 was kept in 
the velocity analysis because we could not find any indication of equipment failure in the MP1 
and MP2 data; however, the velocity estimate for RG14 should be interpreted with increased 
scrutiny.  The monument installed at RG14 is a single mast type. It is possible that the large 
horizontal annual signal in RG14’s time series is related to monument stability.  
It has been suggested that the dominant cause for annual signals in GPS time-series is 
surface loading due to hydrology and atmospheric pressure and is not related to tectonic signals 
(Van Dam et al., 2001).  Annual sinusoidal terms were not estimated for sites with less than 2.5 
yr of observations. For most of the stations in this study ~2.5-3.5 years of observations were 
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used. Blewitt and Lavalle (2002) determined that estimation of annual sinusoidal terms for time-
series less than 2.5 years in length does not necessarily improve velocity estimates and those 
sites should be excluded from any tectonic interpretations.  
Most of the daily time-series for RGR sites show increased variance during summer 
months. This increase could reflect errors in estimating the tropospheric delay during large 
summer thunderstorms. Outliers in all of the time-series increase in mid-2007, particularly in the 
east component. The PBO Solution Independent Exchange Format (SINEX) files from the 
UNAVCO archive have reduced quality during that period. At the time of this study, work was 
in progress to update the UNAVCO archive with new SINEX files correcting the problem; 
however, not all of the updated files were available for this study.  To reduce the effect of the 
outliers, all outliers greater than 4-sigma from a linear fit were excluded from the velocity 
solutions. Antenna offsets were found in several of the time-series for PBO and CORS sites and 
were confirmed by antenna changes noted in the station logs. Station logs for the PBO and RGR 
sites are available at (http://facility.unavco.org/data/archive.html). Station logs for the CORS 
sites are available at (http://www.ngs.noaa.gov/CORS/). To correct for the antenna changes we 
estimated the offsets and applied them to the final velocity estimates.  
During the last visit to the site RG17 (March 18, 2010) damage to the antenna dome was 
observed. The base of the antenna dome plastic was cracked. Marks were observed on the 
northwestern side of the antenna dome and appeared to be scratches made by antlers. The GPS 
time-series shows that the antenna was displaced to the southwest by ~10 mm.  Observations 
after the offset were not included in the velocity solution.  The monument at site RG17 is a 
single mast type and may have been more susceptible to damage (more easily displaced by a 
horizontal blow) than the shallow drilled-braced monument used in other installation. With more 
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observations an accurate estimate of the offset may be obtained and used to better estimate the 
velocity of the site.  
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Figure 4.1.1. Position time-series residuals from a linear fit for the site RG14. Horizontal axes 
are for years from ~2007-2010. Vertical axes are north, east, and vertical components in mm, 
offset by a nominal value.  
 
 
4.1.2  Biased Outliers 
Three sites from the RGR GPS network, RG12, RG17 and RG24, show increased 
variance during winter months. These sites exhibit biased outliers in the horizontal components 
that increase in frequency during winter months. We compared the GPS time-series with several 
sets of weather data available from a weather station located on the summit of Berthoud Pass, 
CO (data is available at: www.noaa.gov). The Berthoud Pass weather station is ~6 km from the 
GPS site RG17. Comparisons between the horizontal position estimates and average daily wind 
speeds show that the horizontal position estimates are correlated with wind speed. Unfortunately, 
wind direction data was not available at this particular weather station. Fig. 4.1.2 (a) shows that 
there is a positive correlation between the average daily wind speed and the north component of 
position. Fig. 4.1.2 (b) shows that there is a negative correlation between the average daily wind 
speed and the east component of position. The vertical component of position for site RG17 did 
not have a significant correlation with wind speed. Phase residuals for the site RG17 show 
anomalous positive values at low elevations (~30°) in the southeast quadrant during the 13th day 
of 2009 when compared to the phase residuals for day 9 (Fig. 4.1.3). There was a large position 
outlier on day 13.  Increased phase residuals indicate that the phase measurement is greater than 
what was estimated by the model.  Thus, the phase measurements from the site RG17 at low 
elevations to the southeast on a day with a large position outlier are greater than the values 
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estimated by the model in the primary processing. The potential cause for these elevated 
residuals and time-series outliers could be a physical displacement of the antenna from wind 
gusts to the northwest, or a model that does not sufficiently correct for the tropospheric delay of 
a signal traveling from southeast at low elevation on windy days. A better understanding of the 
correlation of site RG17 with wind speed may help to improve GPS models and reduce the 
uncertainties in velocity estimates for sites with biased outliers.  
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Figure 4.1.2. (a) North position of station RG17 versus average daily wind speed, and (b) East 
position versus average daily wind speed for site RG17. Wind speed data for the Berthoud Pass 
weather station is available at [http://www7.ncdc.noaa.gov/CDO/cdo]. The correlation 
coefficient is 0.51 for the North component of position and -0.51 for the East component of 
position. 
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Figure 4.1.3. Phase residuals for site RG17 vs. elevation angle and azimuth for day 9 (upper 
panel) and day 13 (lower panel) of 2009.  The color of the phase residual is shown with units of 
cycles. Day 9 was a calm day with low to moderate winds. Day 13 was a windy day with average 
wind speed exceeding 20 knots.  
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4.2  Rio Grande Rift GPS-Derived Velocity Field 
 Our GPS velocity field comprises over 284 velocities, including many that are not within 
the region of the map (Fig. 4.2.1). The horizontal positions were referenced to stable North 
America by estimating 6 Helmert parameters (3 translation, 3 rotation) so that adjustments to a 
priori values of the coordinates and velocities of a group of stations were minimized. The 
command files used in this experiment are available in Appendix B. Relative to North America, 
the GPS-derived horizontal velocities shown in Figure 4.2.1 increase in magnitude from east to 
west towards the Pacific-North American plate margin in California. In the northwestern region 
of Figure 4.2.1, velocity estimates in Idaho, northern Utah, northern Nevada, Wyoming and 
Montana show a smooth clockwise rotation. This rotational pattern is consistent with prior 
results showing large-scale rotation about an axis in eastern Oregon (McCaffrey et al. 2007; 
Savage et al. 2000; Svarc et al. 2001). McCaffrey et al. (2007) concluded that most of eastern 
Oregon and southern Idaho rotates as a single entity. Large outliers in northwestern Wyoming 
are superimposed on this rotational pattern and can be explained by the active magmatism related 
to the Yellowstone hotspot (Vasco et al., 2007).  Sites east of the Rio Grande Rift in eastern 
Colorado, eastern New Mexico, Texas, Oklahoma, Kansas and Nebraska move very slowly (~< 
1mm yr-1) with respect to the North American frame. In the southwestern United States, the 
velocity vectors show a slow clockwise change in azimuth from west-southwest in New Mexico 
to north-northwest in eastern California as they approach the boundary between the North 
American plate and the Pacific plate.  The derived velocity field has several obvious outliers in 
Colorado, New Mexico and Wyoming. The remaining outliers may be explained by non-tectonic 
signals. The CORS monuments used in this study have numerous monument types, many with 
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poorly understood stabilities (Calais et al., 2006). These sites could have high levels of 
monument noise resulting in anomalous velocities relative to other nearby sites. Three other 
significant outliers exist in the RGR and PBO networks. These sites include P029, P031 and 
RG13. The PBO sites P029 and P031 have deep drilled-braced monuments. The site P029, near 
Montrose, has an anomalously high velocity to the south-southwest relative to nearby sites. This 
may reflect the short (~2.5 yrs) of data used to estimate the velocity at this site. Near Rifle, CO 
the azimuth of the velocity estimate for P031 is to the southeast, which is not consistent with the 
southwest trend for the other velocity estimates in Colorado. We speculate that current natural 
gas production near Rifle, CO may be causing local surface deformation affecting the estimated 
velocity for site P031. The site P031 lies within ~ 0.10 miles from the nearest natural gas well 
head and is located within 1 mile of ~30 wellheads. Kreemer et al. (2010) speculate that the GPS 
motions at P031 and P029 are affected by reported widespread subsurface evaporate dissolution. 
The velocity estimate for RG13 shows a high velocity anomaly to the southwest when compared 
to the other sites along an east-west line, which passes through Taos, New Mexico. The velocity 
estimates for these sites were excluded from the strain analysis discussed the next section.  
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Figure 4.2.1. Velocities of GPS sites in North American reference frame. The black vectors are 
derived from continuous GPS sites. Error ellipses are at 95% confidence level. Velocity 
estimates with errors greater than 1mm yr-1 are not shown. State boundaries are shown with gray 
lines.  
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4.3.1 Rio Grande Rift Strain Rate Analysis 
To estimate strain rates, we projected the observed GPS velocities onto five profiles (Fig. 
4.3.1). The five profiles were oriented approximately parallel to the direction of the GPS 
velocities (east-northeast). All of the profiles are great circles that pass through a given lat/lon 
point (lon = -109 degrees) with a specified azimuth (N87E).  The velocity components parallel to 
each profile are related to their distance along the profile (Fig. 4.3.2). The velocity components 
normal to each profile are related to their distance along the profile (Fig. 4.3.3). Sites within 
±100 km normal to each line were included in the profiles (Fig. 4.3.1a).  Sites with an 
uncertainty greater than 0.5 mm/yr were excluded from this analysis. Using weighted least 
squares linear regressions of velocities, we calculated strain rates for several different distance 
intervals for profile lines 1-5. Thus, for each site we can express the velocity component (parallel 
or normal to the profile) with the following equation 
 (4.1) 
where  is the velocity (parallel or normal to the profile) at that site,  is the gradient of the 
velocity component (parallel or normal to the profile),  is the distance of the site parallel to the 
profile.  The parameters  and c can then be determined using the profile-parallel and profile 
normal velocities.  
 In addition to estimating velocity gradients from velocity profiles, we computed two-
dimensional strain using the 284 GPS velocity estimates in Figure 4.2.1. We did this in several 
steps. First, we interpolated the velocities using a Delaunay triangulation of the east and north 
components to create an equally spaced velocity grid (Fig. 4.3.1b). The interpolations of the east 
! 
vi = "xi + c,
! 
vi
! 
"
! 
xi
! 
"
	  	  
36	  
and north velocity components were estimated with the TriScatteredInterp function in Matlab 
using the linear interpolation method. Sites with horizontal uncertainties greater than 0.3 mm/yr 
were excluded from the interpolation. Second, we imported the velocity grid into the strain 
program SSPX (Cardozo and Allendinger, 2009). Third, we computed the strain using a grid-
distance weighting method (grid size = 30 km; dist. weight = 60 km).  We weighted all of the 
gridded horizontal velocities by an uncertainty of 0.3 mm/yr. Lastly, we plotted the 2nd invariant 
of strain, maximum shear strain, and the maximum normal strain with colored contours using the 
GMT program (Figure 4.3.4-6; Wessel and Smith, 1995).  
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Figure 4.3.1a. Locations of profile lines as numbered; west end of each profile line is the left 
side of Figures 4.3.2 and 4.3.3. Arrows indicate direction and magnitude of GPS velocity 
estimates. Ellipses are 95% confidence. Thick black lines denote the boundaries of major 
physiographic boundaries. Light gray lines indicate state boundaries.  
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Figure 4.3.1b. Interpolated velocities. Arrows indicate direction and magnitude of velocity. 
Interpolated velocities are shown with blue arrows. GPS derived velocities used in the 
interpolation are shown with red arrows.  
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Here, we discuss the profile-parallel velocity gradient estimates.  All of the strain 
estimates from lines 1-4 (Fig. 4.3.2), which transect the Colorado Plateau and reach east into the 
Great Plains, show significant amounts of extension. The estimated strain rates show that for 
lines 1-4 the extension increases southward. For the northernmost profile, across northern 
Colorado (line 1), we calculated strain rates of 0.6 ± 0.2 nstr/yr for 11 velocities from -210 to 
500 km relative to the Colorado-Utah border (eastern part of line 1) and 10.7 ± 0.6 nstr/yr for 19 
velocities from -420 to -145 km relative to the Colorado-Utah border (western part of line 1). 
The strain rate of 10.7 ± 0.6 nstr/yr, which encompasses the Wasatch fault zone and part of the 
eastern Basin and Range in Utah, is consistent with the ~10 nstr/yr east-west extension estimated 
by Niemi et al. (2004).  However, the strain rate across the Wasatch region is very sensitive to 
how the width of the region is defined. The positive strain rate estimate of 0.6 ± 0.2 nstr/yr 
across the northern Colorado Plateau, the Williams Fork Mountains Fault and western Great 
Plains is the smallest strain rate that we observe in lines 1-5 but it still indicates that significant 
extension occurs over the width of the profile. This strain estimate is very sensitive to how many 
sites are included near the western end of the profile. GPS site velocities at the western boundary 
of profile 1 approach -4 mm/yr. The negative value indicates the velocity is directed to the left or 
approximately to the west in Figure 4.3.2. The total velocity difference for the component 
parallel to profile across the Wasatch fault zone is extensional and has a magnitude of ~ 2-3 
mm/yr. Profile 2, in southern Colorado, southern Utah and Nebraska, shows a larger estimated 
slope than in profile 1. We calculated strain rates of 1.3 ± 0.2 nstr/yr for 11 velocities from -400 
to 600 km. The calculated strain rate across the Colorado Plateau and Rio Grande rift along 
profile line 3, which passes through northern Arizona, New Mexico and Oklahoma, is 1.4 ± 0.2 
nstr/yr. The velocity along profile 3 increases significantly to the west at the western most site on 
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the CP (FERN; Fig. 4.3.2). West of the CP the velocities in profile 3 approach ~3.5 mm/yr to the 
west. Our calculated strain rate across the Colorado Plateau and the Rio Grande rift along profile 
line 4, which passes through Oklahoma, Texas, central New Mexico, and central Arizona, is 1.6 
± 0.2 nstr/yr. The strain estimate for the southernmost profile line 5 is 1.1 ± 0.3 nstr/yr for sites 
from -200 to 780 km relative to the New Mexico-Arizona border. However, a second strain rate 
estimate in profile 5, which includes only the velocities estimates spanning the 200 km surface 
expression of the Rio Grande rift, has a significantly higher rate with a value of 2.6 ± 1.8 nstr/yr. 
In this particular case, calculating strain over a shorter section of profile line 5 has increased the 
uncertainty from 0.3 to 1.8 nstr/yr.  The uncertainty of the estimated velocity gradient is 
inversely related to the number of velocity estimates used in calculation, while it is directly 
related to the sum of the residuals of the model minus the data. So, when we estimate the 
velocity gradient for a shorter section of profile line 5, the decrease in the number of velocity 
estimates used in the calculation overpowers the decrease in the sum of the residuals (the model 
minus the data) resulting in a higher uncertainty for the estimated velocity gradient.  
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Figure 4.3.2. Horizontal GPS velocities projected onto profiles for Lines 1-5, which are shown 
in Fig. 4.3.1. Black circles are the horizontal GPS velocity components parallel to the profile 
line. Error bars are one-standard deviation. The approximate boundaries of the Colorado Plateau 
(CP), and Rio Grande Rift (RGR) are shown with dashed black lines and dashed red lines 
respectively. The horizontal axis is kilometers east from the 109th meridian, which is the western 
border of Colorado and New Mexico. The red triangle shows the approximate location of the 
Socorro magma body on Line 4.   
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4.3.3 Profile-Normal Velocity Gradients 
Here, we discuss the profile-normal velocity gradient estimates (Fig. 4.3.3). The velocity 
gradient estimate for line 1 from -200 to 100 km shows a negative slope (-1.1 ± 0.6 nstr/yr) for 4 
velocities. A negative slope indicates that northward velocities are increasing to the west. The 
velocity gradient estimate for line 1 from 100 to 500 km shows a positive slope (1.2 ± 0.7 nst/yr) 
for 9 velocities. A positive slope indicates that northward velocities increase to the east. The 
velocities east of the Colorado Plateau in line 2 show significant left lateral shear strain (1.6 ± 
0.5 nstr/yr). Both the velocities east and west of the Colorado Plateau on line 3 show significant 
shear strain estimates. For sites west of the eastern margin of the Colorado Plateau, the shear 
strain is -1 ± 0.4 nstr/yr. For sites east of the Colorado Plateau, the shear strain is 1.1 ± 0.4 
nstr/yr. The remaining strain rate estimates for lines 4–5 show no significant shear strain. In line 
4 the northward velocities increase from ~0 mm/yr to ~2 mm/yr as they approach the western 
margin of the profile line.  
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Figure 4.3.3. Horizontal GPS velocities projected onto profiles for Lines 1-5, which are shown 
in Fig. 4.3.1. Black circles are the horizontal GPS velocity components normal to the profile line. 
Error bars are one-standard deviation. The approximate boundaries of the Colorado Plateau (CP), 
and Rio Grande Rift (RGR) are shown with dashed black lines and dashed red lines respectively. 
The horizontal axis is kilometers east from the 109th meridian, which is the western border of 
Colorado and New Mexico.  
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4.3.4 Two-Dimensional Strain 
 Here we discuss the results of two-dimensional strain analysis of the Rio Grande rift 
region. In Figures 4.3.4-6 the high strain indicated in the southwest corner of the strain field is 
likely caused by sparse GPS station coverage in southwest Arizona, which affects the 
interpolation. GPS station coverage east of -102 degrees longitude is also sparse and 
interpretations should be made carefully in both areas. The dominant feature in all of these strain 
plots is the high strain rates in the Intermountain Seismic Belt (ISB).  The frequency of 
earthquakes magnitude 3 or greater in the ISB between 1990 and 2010 is higher than in the 
surrounding regions of the Colorado Plateau, Rio Grande rift, Southern Rocky Mtns. and Great 
Plains. Figure 4.3.4 shows the second invariant of strain (equation 4.2), which signifies the 
magnitude of the total strain in a given area.  
€ 
ε II = (εxx2 +εyy2 +εxy2 )1/ 2  (4.2) 
Within the Colorado Plateau, the magnitude of the second invariant of strain decreases eastward. 
Higher strain contours intrude further east into the central part of the Colorado Plateau. High 
maximum shear strain values in the central portions of the Colorado Plateau (Fig. 4.3.5) suggest 
that shear is the dominant component of the second invariant of strain in that area.  Maximum 
normal strain also decreases eastward within the Colorado Plateau (Fig. 4.3.6). Within the Rio 
Grande rift, the magnitude of the second invariant of strain varies considerably from north to 
south. In the northern reaches of the rift, from Leadville, CO to the southern reaches of the San 
Luis basin, strain exceeds ~5 nstr/yr.  Both the maximum shear strain and the maximum normal 
strain are elevated in this area with respect to the central Rio Grande rift in northern NM. 
However, the maximum shear strain is higher in magnitude. Strain in this region is higher than in 
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the eastern part of the Colorado Plateau or the western Great Plains. In the central parts of the 
Rio Grande rift, the second invariant of strain shows lower values than in the northern or 
southern reaches of the rift. Both maximum shear strain and normal strain do not exceed ~2 
nstr/yr. In the southern reaches of the Rio Grande rift and westward into the southern Basin and 
Range, strain is elevated with respect to the surrounding areas of the Colorado Plateau and the 
Great Plains. The elevated strain in the southern Rio Grande rift seems to be dominated by shear 
strain. The highest strain rates in this region lie mostly west of the axis of the southern Rio 
Grande rift.  
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Figure 4.3.4. Second invariant of strain. Red areas indicate higher strain rates, blue areas 
indicate lower strain rates. Earthquakes from the ANSS catalog magnitude >3 from 01/01/1990 
to 06/01/2010 are shown with black dots. Major physiographic boundaries are shown with thick 
black lines.  
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Figure 4.3.5. Maximum shear strain. Red areas indicate higher strain rates, blue areas indicate 
lower strain rates. Earthquakes from the ANSS catalog magnitude >3 from 01/01/1990 to 
06/01/2010 are shown with black dots. Major physiographic boundaries are shown with thick 
black lines.  
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Figure 4.3.6. Maximum normal strain. Red areas indicate higher strain rates, blue areas indicate 
lower strain rates. Earthquakes from the ANSS catalog magnitude >3 from 01/01/1990 to 
06/01/2010 are shown with black dots. Major physiographic boundaries are shown with thick 
black lines.  
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Chapter 5 
 
Discussion and Conclusions 
 
5.1   Discussion  
 Our profile-parallel velocity gradient estimates (Fig. 4.3.2) show that significant 
contemporary east-west extension occurred between the Great Plains and the western margin of 
the Colorado Plateau over a period of ~3 years across four east-west profiles (Lines 1-4; Fig. 
4.3.1). The average strain rate from lines 1-4, which transect the Colorado Plateau and extend 
into the Great Plains, is ~1.2 nstr/yr.  Our strain estimates also show that significant extension 
occurred across profile line 5 (Fig. 4.3.2), which transects the southern reaches of the Rio Grande 
rift. Using a linear model to estimate the strain rate from a velocity profile assumes that the 
deformation along a given profile is distributed evenly. If this assumption is true, then ~0.12 
mm/yr of extension occurs for every 100 km along a given profile. The locations of faults with 
Quaternary displacements, which are available from the USGS fault database (USGS, 2010), 
suggest that east-west extension during the Quaternary has not been distributed evenly along the 
profiles, but rather occurred in discrete zones through brittle/elastic deformation in the upper 
crust. In order to relate geodetic measurements to long-term movement patterns, such as 
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averaged fault displacement rates, we must account for the cyclical build up and release of elastic 
strains in seismogenic regions near active faults (Thatcher, 1995). The effect that interseismic 
strain has on geodetic measurements depends on the number and spacing of faults transected by 
a given profile and the type, dip, and slip rate of those faults.  If the spacing of faults is much 
greater than the zone of cyclic straining, then the net offset across individual faults can be readily 
determined. However, if the faults are more closely spaced, individual offsets cannot be 
distinguished and the displacement rate profile may appear roughly continuous. With the 
exception of several large outliers, our results show that no significant net offset was detected 
across individual faults or fault systems in the Rio Grande rift region where the profiles 
transected the rift (lines 1-5; Fig. 4.3.2). Our results also show that a linear model for the profile-
parallel velocity gradient provides a reasonable fit within the noise for profile lines 1-4 
(excluding the Wasatch fault zone).  These results can be interpreted in a couple of ways. First, 
The individual faults traversed by each profile may be closely spaced enough to prevent our 
displacement rate estimates from distinguishing individual offsets, leading to the roughly linear 
displacement rate profiles that we observe. Second, noise in our velocity estimates could exceed 
the amplitude of any net offset across an individual fault or fault system, which would prevent us 
from resolving the offset.  
If the individual faults traversed by each profile are closely spaced enough to prevent our 
displacement estimates from distinguishing net offsets, then strain may be accumulating on faults 
without known Quaternary displacements. The region of east-west deformation in Colorado and 
New Mexico may be much broader than indicated by the surfical geologic boundaries of the Rio 
Grande rift. This could explain why the rift in Colorado and New Mexico is not clearly defined 
by seismicity even though the rift contains nearly all faults with evidence of Quaternary 
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movement (Sanford et al., 2002).  However, broad deformation that extends into the Colorado 
Plateau and Great Plains was not expected. Both the Colorado Plateau and the Great Plains show 
little to no geological evidence of extension. So why do we see a broad extensional velocity 
gradient across both and what might that imply about the rheology of the lithosphere? Perhaps, 
the dependence of lower crustal strength on strain rate (Thatcher, 1995) plays an important role 
in deformation at the surface. Reduced lower crustal strength at low strain rates may allow strain 
to be accommodated elastically over much broader regions in the upper crust. These observations 
of broad extension in a continental low strain region may provide an important constraint on the 
poorly known mechanical properties of the lithosphere. Future rheological models will need to 
be able to account for broad deformation at the surface in low extensional strain environments.  
If the noise in our east-west displacement rate estimates is exceeding the amplitude of 
any net offset across an individual fault, then we may not be able to resolve those offsets without 
improving our measurement uncertainties. A strain rate of 1.5 nstr/yr across a 1000 km profile 
implies that a total of ~1.5 mm/yr of extension occurs across a given profile. The average 
horizontal displacement error for this experiment was ~0.26 mm/yr. It’s plausible that the 
smoothing effect from interseismic strain combined with the uncertainty in our measurements 
may prevent us from resolving offsets when the horizontal deformation is distributed into more 
than one or two areas. This may indicate that east-west extension in Colorado and New Mexico 
is not concentrated in a narrow zone of deformation (e.g. Rio Grande rift), but rather distributed 
in at least 2 or more separate areas. Additionally, post-seismic relaxation in areas with low strain 
rates may significantly change deformation rates at the surface further complicating the 
interpretation of strain at the surface. In the region surrounding an earthquake, deformation rates 
at the surface may be affected by viscoelastic post-seismic relaxation. Low strain rates in the 
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central portion of the Rio Grande rift in the Espanola and Albuquerque basins (Fig. 4.3.4-5) may 
show an area where post seismic relaxation is occurring.  
Analysis of two-dimensional strain in the Rio Grande rift region shows high shear strain 
estimates in the northern and southern portions of the Rio Grande rift (Fig. 4.3.5). Both the 
northern and southern Rio Grande rift have elevated shear strain estimates that are larger in 
magnitude than the maximum normal strain estimates (Fig. 4.3.6). Clockwise rotation of the 
Colorado Plateau about a pole in southern Wyoming may explain these elevated strain rates 
within the rift (Kreemer et al., 2010). However, elevated rates in the central portion of the rift 
should be expected as well. Post-seismic relaxation may explain why strain rates within the 
central Rio Grande rift are low when compared to surrounding regions. In New Mexico, most 
historical seismicity with moment magnitudes of 4.5 or greater has been concentrated in areas 
near the central portions of the Rio Grande Rift (Sanford et al., 2002).  
The velocity estimates in Fig. 4.3.2 (line 3) suggest that a significant amount of extension 
occurs between the westernmost site on the Colorado Plateau (FERN) and the nearest site to its 
east (P008). Profile line 3 shows that the GPS site FERN moves ~0.5mm/yr west with respect to 
P008, which lies ~120 km to the east.  Strong geomorphic expression of fault scarps in the 
Cataract fault zone, which lies between FERN and P008, suggest there has been Quaternary 
activity on this fault system (Pearthree, 1998).  Further east, offsets in Pleistocene basalt flows 
suggest the SP fault zone in Coconino County, Arizona has been active within the last 15 ka 
(Pearthree, 1997). Thus, geological evidence for long-term extensional motion along the profile 
between FERN and P008 does not contradict extension observed by our contemporary GPS 
measurements.  
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The results from line 5 (Fig. 4.3.2; Ch. 5) show significant deformation within the 
boundaries of the Rio Grande Rift. The estimated strain rate of ~2.5 nstr/yr over the 190 km wide 
zone transecting the rift in line 5 indicates east-west extension at the rate of 0.48 ± 0.38 mm/yr. 
Previous geodetic measurements further to the north using optical trilateration near Socorro, 
New Mexico did not detect any significant extension rates across the Rio Grande rift (Savage et 
al., 1980) giving an upper bound of 1 mm/yr. Our result shows that the strain rate across the Rio 
Grande rift may exceed the estimated linear gradient over the entire profile. Elevated strain rates 
over this zone could allow the rift to accommodate as much as 50% of the total extension across 
linear gradient estimated in line 5. If the deformation along the 4 northern lines is somewhat 
diffuse as the velocity gradient implies, then extension across the fault-bounded basins defining 
the rift is likely to be much less than the upper bound. Geological estimates of extension from the 
Albuquerque basin are on the order of 0.3 mm/yr (Woodward, 1977), which is ~2 times the rate 
estimated from the linear gradient for line 4.   
With the exception of the southernmost line, we observe that extensional strain along 
approximately east-west lines spanning from the Great Plains to the western margin of the 
Colorado Plateau increases from north to south. Increasing rates from north to south are 
consistent with the clockwise rotation of the Colorado Plateau around a pole of rotation located 
to the plateau’s northwest estimated by Kreemer et al. (2010), assuming that the Great Plains are 
stable and the Colorado Plateau rotates as a rigid body. Longer observations periods could 
reduce the uncertainties associated with these velocity profiles and may enable future work to 
resolve significant extension where each profile transects the Rio Grande rift.    
 The displacement rate gradient of ~10 nstr/yr estimated from the velocity profile 
transecting the Wasatch Fault zone in northern Utah and a total velocity difference of ~2-3 
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mm/yr agrees with previous results (Niemi et al., 2004; Hammond and Thatcher, 2004; Chang et 
al., 2006). The increasing strain rates across the Wasatch zone coincide with increased seismicity 
of the Intermountain Seismic Belt (Fig. 5.1), which exhibits extensional focal mechanisms. Noise 
in profile line 1 (Fig. 4.3.2; Ch. 5) across the Wasatch Fault zone is likely caused by the width of 
the profile. Sites at similar distances along the profile may lie up to 200 km apart in distance 
perpendicular to the profile. Several sites north of the profile line lie east of known Quaternary 
extensional faulting and have lower estimated velocities than other sites at similar distances 
along the profile that lie to the south of the profile. We find that a linear trend is a poor fit to the 
data for deformation across the Wasatch Fault zone (
€ 
χ2  per-degree-of-freedom statistic is 9.5), 
but it provides an estimate of the average strain across the region. Changes in slope within the 
Wasatch Fault zone may reflect that net offset across individual faults is being detected.  
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Figure 5.1. Focal mechanisms for earthquakes magnitude 3 and greater from 02/02/1962 to 
07/16/2010. The black quadrant indicates compressional motion. (Saint Louis University 
Earthquake Center, 2010) 
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5.2   Future Work 
Future geodetic work in this area could benefit from longer observation periods. Longer 
observation periods would reduce both the uncertainties and the biases for the estimated 
velocities across each profile.  Reducing the velocity uncertainties and biases in the velocity field 
would help to better resolve the distribution of strain across the profiles in Fig. 4.3.2 (Chapter 4).  
Estimating velocities from longer time series can reduce the velocity biases due to annual 
variations in position (Blewitt and Lavallee, 2002). Figure 5.2 (below) shows the velocity bias 
from an annual sinusoidal signal with respect to data span. 
   
Figure 5.2  Velocity bias from an annual sinusoidal signal versus data span, shown specifically 
for cosine and sine signals. The velocity bias scales with the amplitude, taken here to be 1 mm 
(Blewitt and Lavallee, 2002).  
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The velocity bias due to an annual sinusoidal signal rapidly becomes negligible beyond 4.5 years 
of data. The maximum observation length for this experiment was ~3.5 years and many of the 
time series used in this study were closer to 2.5 years in length.  To minimize the velocity bias 
we estimated the annual sinusoidal signal in each time series before solving for velocity.  
However, the amplitude and phase of seasonal signals in GPS time series can vary from year to 
year. Therefore, to better reduce velocity biases due to annual variations in position, longer time 
series should be used in future work. Longer observation periods can also reduce the error 
estimates for the velocities. For pure white noise the error rate in a time series depends on time 
span (T) as 1/T3/2 and for random walk noise the error goes as 1/T1/2 and is not dependent on 
sampling frequency at all (Mao et al., 1998).  The relationships between these errors and time 
span show that longer time series can reduce the uncertainty contribution from both white noise 
and random walk noise. However, the contribution from random walk noise decreases at a 
slower rate relative to time span than the white noise does.  In addition to longer observation 
lengths, future geodetic work in this region could benefit by including GPS campaign data from 
the High Accuracy Reference Network (HARN).  In the summer of 2008 we conducted a GPS 
campaign of the High Accuracy Reference Network (HARN), which repeated initial 72-hour 
observations that were made in the summer of 2001 by Blume and Sheehan (2003). Including 
velocity estimates from these observations could significantly increase the density of the velocity 
field in Colorado. Information regarding the 2001 and 2008 HARN campaigns is available in 
Appendix D.  
 
5.2   Conclusion 
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The strain rate field across the physiographic provinces of the Colorado Plateau, the Rio 
Grande rift and the western Great Plains can be characterized by east-west extension with an 
average strain rate of ~1.2 nstr/yr. We find increasing east-west extension rates from north to 
south, which is consistent with a clockwise rotation of the Colorado Plateau around a pole in 
northern Colorado (Kreemer et al., 2010). We could not find a quantitative relationship between 
the rotation of the Colorado Plateau and the opening of the Rio Grande rift. However, if we 
assume that the deformation is concentrated between the two relatively stable physiographic 
provinces the Colorado Plateau and the Great Plains and within the rift itself, then increasing 
east-west extension rates from north to south suggest that extension rates across the southern rift 
basins should be greater than in the north. Our results suggest that extension is diffuse across this 
region implying a quasi-continuous straining of the ductile lithosphere (Thatcher, 2009). Three 
areas of significant deformation were detected where local strain rates exceeded the linear 
gradient that was estimated across a broader region. Those areas are the Wasatch Fault zone in 
northern Utah, the Rio Grande rift in southern New Mexico and the western margin of the 
Colorado Plateau.  We show that there is a ~2-3 mm/yr east-west velocity difference across the 
Wasatch zone, which is consistent with increased seismicity in the region.  Our results have 
constrained that 0.48 ± 0.38 mm/yr of extension occurs across the southern Rio Grande rift. 
Previous geodetic measurements further to the north near Socorro, NM found no significant 
extension across the rift and had an upper bound of 1 mm/yr (Savage et al., 1980).  Two-
dimensional strain estimates find elevated shear strain within the northern and southern Rio 
Grande rift. In contrast, we found low strain rates within the central portions of the Rio Grande 
rift. We propose this may be the result of post-seismic relaxation. More work is necessary in 
order to determine whether that is the case.  
	  	  
59	  
REFERENCES  
Ake, J. P. and A. R. Sanford (1988), New evidence for the existence and internal structure of a 
thin layer of magma at mid-crustal depths near Socorro, New Mexico, Bulletin of the 
Seismological Society of America, 78, 1335.  
Aldrich Jr, M. J. (1986), Tectonics of the Jemez lineament in the Jemez Mountains and Rio 
Grande rift, J. Geophys. Res., 91, 1753-1762.  
Altamimi, Z., X. Collilieux, J. Legrand, B. Garayt, and C. Boucher (2007), ITRF2005: A new 
release of the International Terrestrial Reference Frame based on time series of station 
positions and Earth Orientation Parameters, J. Geophys. Res., 112, B09401, 
doi:10.1029/2007JB004949. 
Argus, D. F. and R. G. Gordon (2001), Present tectonic motion across the Coast Ranges and San 
Andreas fault system in central California, Geological Society of America Bulletin, 113, 1580-
1592.  
Balch, R. S., H. E. Hartse, A. R. Sanford, and K. Lin (1997), A new map of the geographic 
extent of the Socorro mid-crustal magma body, Bulletin of the Seismological Society of 
America, 87, 174.  
Blewitt, G. and D. Lavallée (2002), Effect of annual signals on geodetic velocity, J.Geophys.Res, 
107(B7), 2145, doi:10.1029/2001JB000570. 
Blume, F. and A. F. Sheehan (2003), Quantifying Seismic Hazard in the Southern Rocky 
Mountains through GPS Measurements of Crustal Deformation: in Engineering Geology in 
Colorado: Contributions, Trends, and Case Histories: eds. D. Boyer, P. Santi, and W. Rogers, 
Association of Engineering Geologists Special Publication No. 15, Colorado Geological 
Survey Special Publication, 55.  
Bott, J. D. J. and I. G. Wong (1995), The 1986 Crested Butte earthquake swarm and its 
implications for seismogenesis in Colorado, Bulletin of the Seismological Society of America, 
85, 1495–1500.  
Brunner, F. K. and M. Gu (1991), An improved model for the dual frequency ionospheric 
correction of GPS observations, Manuscripta Geodaetica, 16, 205-14. 
Calais, E., J. Han, C. DeMets, and J. Nocquet (2006), Deformation of the North American plate 
interior from a decade of continuous GPS measurements, J.Geophys.Res, 111, B06402, 
doi:10.1029/2005JB004253. 
Cardozo, N. and R. W. Allmendinger (2009), SSPX: A program to compute strain from 
displacement/velocity data, Comput. Geosci., 35, 1343–1357. 
	  	  
60	  
Cather, S. M. (1999), Implications of Jurassic, Cretaceous, and Proterozoic piercing lines for 
Laramide oblique-slip faulting in New Mexico and rotation of the Colorado Plateau, Bull. 
Geol. Soc. Am., 111, 849–868.  
Cather, S. M., K. E. Karlstrom, J. M. Timmons, and M. T. Heizler (2006), Palinspastic 
reconstruction of Proterozoic basement-related aeromagnetic features in north-central New 
Mexico: Implications for Mesoproterozoic to late Cenozoic tectonism, Geosphere, 2, 299-323,  
doi:10.1130/GES00045.1. 
Chang, W. L., R. B. Smith, C. M. Meertens, and R. A. Harris (2006), Contemporary deformation 
of the Wasatch Fault, Utah, from GPS measurements with implications for interseismic fault 
behavior and earthquake hazard: Observations and kinematic analysis, J.Geophys. Res., 111, 
B11405, doi:10.1029/2006JB004326. 
Chapin, C. E. and S. M. Cather (1994), Tectonic setting of the axial basins of the northern and 
central Rio Grande rift, Geol. Soc. Am. Spec. Pap, G-3, 5–25.  
Chapin, C. E. and W. R. Seager (1975), Evolution of the Rio Grande rift in the Socorro and Las 
Cruces areas, New Mexico Geol. Soc.Guidebook of Las Cruces Country, 26th Field Conf., 297-
321.  
Cordell, L. (1978), Regional geophysical setting of the Rio Grande rift, Geological Society of 
America Bulletin, v. 89, p. 1073–208.  
Erslev, E. A. and N. V. Koenig (2009), Three-dimensional kinematics of Laramide, basement-
involved Rocky Mountain deformation, USA: Insights from minor faults and GIS-enhanced 
structure maps, Geological Society of America Memoirs, 204, 125-150, 
doi:10.1130/2009.1204(06)  
Evans, D. M. (1966), The Denver area earthquakes and the Rocky Mountain disposal well, The 
Mountain Geologist, 3, 23-26. 
Gao, W., S. P. Grand, W. S. Baldridge, D. Wilson, M. West, J. F. Ni, and R. Aster (2004), Upper 
mantle convection beneath the central Rio Grande rift imaged by P and S wave tomography, 
J.geophys.Res, 109, B03305, doi:10.1029/2003JB002743.  
Gibbs, J. F., J. H. Healy, C. B. Raleigh, and J. Coakley (1973), Seismicity in the Rangely, 
Colorado, area: 1962-1970, Bull. Seism. Soc. America, 63, 1557-1570. 
Gilbert, H. J. and A. F. Sheehan (2004), Images of crustal variations in the intermountain west, 
J.geophys.Res, 109, B03306, doi:10.1029/2003JB002730. 
Hammond, W. C. and W. Thatcher (2004), Contemporary tectonic deformation of the Basin and 
Range province, western United States: 10 years of observation with the Global Positioning 
System, J.Geophys.Res, 109, B08403, doi:1029/2003JB002746. 
	  	  
61	  
Healy, J. H., W. W. Rubey, D. T. Griggs, and C. B. Raleigh (1968), The Denver earthquakes, 
Science, 161, 1301-1310. 
Hermance, J. F. and G. A. Neumann (1991), The Rio Grande rift: new electromagnetic 
constraints on the Socorro magma body, Phys. Earth Planet. Inter., 66, 101-117.  
Herrmann, R. B., S. K. Park, and C. Y. Wang (1981), The Denver earthquakes of 1967-1968, 
Bull. Seism. Soc. Am., 71, 731-745. 
Herring, T. A. (2005), GLOBK Global Kalman Filter VLBI and GPS analysis program, version 
10.1, Mass.Inst.of Technol., Cambridge.  
Jakowski, N., S. Heise, A. Wehrenpfennig, S. Schluter, and R. Reimer (2002), GPS/GLONASS-
based TEC measurements as a contributor for space weather forcast, J. Atmos. Solar Terr. 
Phys., 64, 729-735, doi:10.1016/S1364-6826(02)00034-2. 
Karlstrom, K. E. and G. Humphreys (1998), Persistent Influence of Proterozoic accretionary 
boundaries in the tectonic evolution of southwestern North America: Interaction of cratonic 
grain and mantle modification events, Rocky Mountain Geology, 33, 161-179, 
doi:10.2113/33.2.161. 
Karlstrom, K.E., Whitmeyer, S.J., Dueker, K., Williams, M.L., Levander, A., Humphreys, G., 
Keller, G.R. (2005), and the CD-ROM Working Group, Synthesis of results from the CD-
ROM experiment: 4-D image of the lithosphere beneath the Rocky Mountains and 
implications for understanding the evolution of continental lithosphere, in Karlstrom, K.E. and 
Keller, G.R., editors, The Rocky Mountain Region -- An Evolving Lithosphere: Tectonics, 
Geochemistry, and Geophysics: American Geophysical Union Geophysical Monograph, 154, 
p. 421-441. 
Keller, G. R., M. Aftab Khan, P.Morganc, R. F. Wendlandt, W. S. Baldridge, K. H. Olsen, C. 
Prodehl, and L. Braile (1991), A comparative study of the Rio Grande and Kenya rifts, 
Tectonophysics, 197, 355–371. 
Keller, G. R. and W. S. Baldridge (1999), The Rio Grande rift: A geological and geophysical 
overview, Rocky Mountain Geology, 34, 121-130, doi:10.2113/34.1.121. 
King, R. W. and Y. Bock (1999), Documentation for the GAMIT GPS analysis software, release 
10.0, Mass.Inst.of Technol., Cambridge Mass. 
Kremmer, C., G. Blewitt, and R. A. Bennett (2010), Present-day motion and deformation of the 
Colorado Plateau, Geophys. Res. Lett., 37, L10311, doi:10.1029/2010GL043374.  
Larsen, S., L. Brown, and R. Reilinger (1986), Evidence of ongoing crustal deformation related 
to magmatic activity near Socorro, New Mexico, J. Geophys. Res., 91(B6), 6283-6292.  
	  	  
62	  
Li, A., D. W. Forsyth, and K. M. Fischer (2002), Evidence for shallow isostatic compensation of 
the southern Rocky Mountains from Rayleigh wave tomography, Geology, 30, 683-686.  
Mao, A., C. G. A. Harrison, and T. H. Dixon (1999), Noise in GPS coordinate time series, J. 
Geophys. Res., 104, 2797-2816, doi:10.1029/1998JB900033. 
McCaffrey, R., A. I. Qamar, R. W. King, R. Wells, G. Khazaradze, C. A. Williams, C. W. 
Stevens, J. J. Vollick, and P. C. Zwick (2007), Fault locking, block rotation and crustal 
deformation in the Pacific Northwest, Geophysical Journal International, 169, 1315-1340.  
McCalpin, J., Quaternary tectonics of the Sangre de Cristo and Villa Grove fault zones, in 
Rogers, W.P. and Kirkham, R.M., eds., Contributions to Colorado seismicity and tectonics–A 
1986 update: Colorado Geological Survey Special Publication 28, p. 59–64. 
Meremonte, M. E., J.C. Lahr, A. D. Frankel, J.W. Dewey, A. J., Crone, D. E. Overturf, D.L. 
Carver, and W.T. Bice (2002), Investigation of an earthquake swarm near Trinidad, 
Colorado, August-October 2001, USGS Open File Report 02-0073 
Misra, P. and P. Enge (2006), Global Positioning System: Signals, Measurements and 
Performance Second Edition, Lincoln, MA: Ganga-Jamuna Press.  
Morgan, P., W. Seager, and M. Golombek (1986), Cenozoic Thermal, Mechanical and Tectonic 
Evolution of the Rio Grande Rift, J. Geophys. Res., 91(B6), 6263–6276. 
Niemi, N. A., B. P. Wernicke, A. M. Friedrich, M. Simons, R. A. Bennett, and J. L. Davis 
(2004), BARGEN continuous GPS data across the eastern Basin and Range province, and 
implications for fault system dynamics, Geophysical Journal International, 159, 842-862, 
doi:10.1111/j.1365-246X.2004.02454.x.  
Reilinger, R. and J. Oliver (1976), Modern uplift associated with a proposed magma body in the 
vicinity of Socorro, New Mexico, Geology, 4, 583–586, doi:10.1130/0091-
7613(1976)4<583:MUAWAP>2.0.CO.  
Roy, M., J. K. MacCarthy, and J. Selverstone (2005), Upper mantle structure beneath the eastern 
Colorado Plateau and Rio Grande rift revealed by Bouguer gravity, seismic velocities, and 
xenolith data, Geochem. Geophys. Geosyst., 6, Q10007, doi:10.1029/2005GC001008. 
Saint Louis University Earthquake Center (2010), Moment Tensor Solutions, accessed June 7, 
2010, from SLU web site: http://www.eas.slu.edu/Earthquake_Center/earthquakecenter.html 
Sanford, A. R., K. Lin, I. Tsai, and L. H. Jaksha (2002), Earthquake catalogs for New Mexico 
and bordering areas: 1869–1998, New Mexico Bureau of Geology and Mineral Resources 
Circular, 210.  
Sanford, A. R., T. M. Mayeau, J. W. Schlue, R. C. Aster, and J. H. Jaksha (2006), Earthquake 
catalogs for New Mexico and bordering areas II: 1999–2004, New Mexico Geol, 28, 99-109.  
	  	  
63	  
Savage, J. C., M. Lisowski, and W. H. Prescott (1985), Strain accumulation in the Rocky 
Mountain states, J.geophys.Res, 90, 10,310–10,320, doi:10.1029/JB090iB12p10310.  
Snay, R. A. and T. Soler (2008), Continuously Operating Reference Station (CORS): history, 
applications, and future enhancements, J. Surv. Eng., 134, 95–104, doi:10.1061/(ASCE)0733-
9453(2008)134:4(95). 
Spence, W., C. J. Langer, and G. L. Choy (1996), Rare, large earthquakes at the Laramide 
deformation front--Colorado (1882) and Wyoming (1984), Bulletin of the Seismological 
Society of America, 86, 1804–1819.  
Strang, G. and K. Borre (1997), Linear Algebra, Geodesy, and GPS, Wellesley Cambridge Pr., p. 
447–505. 
Thatcher, W. (1995), Microplate versus continuum descriptions of active tectonic deformation, J. 
Geophys. Res., 100(B3), 3885–3894, doi:10.1029/94JB03064. 
Thatcher, W. (2009), How the Continents Deform: The Evidence From Tectonic Geodesy, Annu. 
Rev. Earth Planet. Sci., 37, 237-262, doi:10.1146/annurev.earth.031208.100035. 
Townsend, D. A. and L. J. Sonder , Rheologic control of buoyancy-driven extension of the Rio 
Grande rift, Journal of Geophysical Research-Solid Earth, 106, 16,515-16,523, 
doi:10.1029/2001JB000350. 
Unruh, J. R., I. G. Wong, J. D. Bott, W. J. Silva, W. R. Lettis (1993), Seismotectonic evaluation, 
Rifle Gap Dam, Silt Project, Ruedi Dam, Fryingpan-Arkansas Project, northwestern 
Colorado, U.S. Bureau of Reclamation final report, William Lettis & Associates and 
Woodward Clyde consultants, 154 p. 
U.S. Geological Survey and New Mexico Bureau of Mines and Mineral Resources (2010), 
Quaternary fault and fold database for the United States, accessed Jun 22, 2010, from USGS 
web site: http//earthquake.usgs.gov/regional/qfaults/. 
Van Dam, T., J. Wahr, P. C. D. Milly, A. B. Shmakin, G. Blewitt, D. Lavallee, and K. M. Larson 
(2001), Crustal displacements due to continental water loading, Geophys. Res. Lett., 28, 651-
654, doi:10.1029/2000GL012120. 
Wawrzyniec, T. F., J. W. Geissman, M. D. Melker, and M. Hubbard (2002), Dextral shear along 
the eastern margin of the Colorado Plateau: A kinematic link between Laramide contraction 
and Rio Grande rifting (ca. 75–13 Ma), J. Geol., 110, 305-324, doi:10.1086/339534. 
Wawrzyniec, T. F., A. K. Ault, J. W. Geissman, E. A. Erslev, and S. D. Fankhauser (2007), 
Paleomagnetic dating of fault slip in the Southern Rocky Mountains, USA, and its importance 
to an integrated Laramide foreland strain field, Geosphere, 3, 16-25, doi: 
10.1130/GES00066.1. 
	  	  
64	  
Wessel, P., and W. H. F. Smith (1995), New version of the generic mapping tools released, Eos 
Trans. AGU, 76(33), 329. 
West (2004), Crust and upper mantle shear wave structure of the southwest United States: 
Implications for rifting and support for high elevation, J. Geophys. Res., 109, B03309, 
doi:10,1029/2003JB002575.  
Widmann, B. L., R. M. Kirkham, and W. P. Rogers (1998), Preliminary Quaternary fault and 
fold map and database of Colorado, Colorado Geological Survey Open File Report 98-8, 331 
p. 
Wilson, D., R. Aster, J. Ni, S. Grand, M. West, W. Gao, W. S. Baldridge, and S. Semken (2005), 
Imaging the seismic structure of the crust and upper mantle beneath the Great Plains, Rio 
Grande Rift, and Colorado Plateau using receiver functions, J. Geophys. Res.110, B05306, 
doi:10.1029/2004JB003492.  
Woodward, L. A. (1977), Rate of Crustal Extension Across Rio-Grande Rift Near Albuquerque, 
New-Mexico, Geology, 5, 269-272, doi:10.1130/0091-
7613(1977)5<269:ROCEAT>2.0.CO:2. 
	  	  
65	  
 
 
 
Appendix A 
 
Rio Grande Rift GPS Time-series 
 
A1. Time series 
 
The time series figures below show the position of each station in north, east and up 
components with a linear trend removed. Seasonal variations in position were not estimated for 
these figures. The x-axis is in years. The y-axis is in millimeters. The estimated slope from the 
linear trend is shown above each pane in mm/yr. In the following appendix there are time series 
figures for all 25 Rio Grande Rift GPS sites. These figures were made with the GAMIT/GLOBK 
GPS analysis software using the method described in Chapter 4.  
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Appendix B 
 
Globk and Glorg Command Files 
 
B.1   Globk Command File (Time Series) 
 
*Globk file for repeatabilities using glred with glorg stabilization 
* eq_file ../tables/eq_rename_20100513 
  make_svs ../tables/sat1.apr 
  com_file globk_rep.com 
  srt_file globk_rep.srt 
  sol_file globk_rep.sol 
 
# apr site file(s) 
* apr_file ../tables/COM1490_GIA.apr 
* apr_file ../tables/Camb_Park.extapr 
* apr_file ../tables/extended_rgrp.apr 
* apr_file ../tables/snarf_NCP_gia_model.apr 
  apr_file ../tables/tsfit_20100513.apr 
 
# Use these sites 
  use_site clear 
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  use_pos + 28.0 -116.0 65.0 -60.0 
 
# (1) Max chi**2, (2) Max prefit diff, (3) Max rotation; defaults are 100 10000 10000 
  max_chi 50. 10 2000.0     
 
# Apply the pole tide whenever not applied in GAMIT 
* app_ptid ALL 
 
# Allow the network to be loose since using glorg for stablization 
  apr_neu all 20 20 20 0 0 0 
 
# Satellites are loose if combining with global SOPAC H-files 
  apr_svs all .1 .1 .1 .01 .01 .01 F F F F F F F F F     
 
# EOP are loose as well  
  apr_wob 100. 100. 10. 10.0 0.0 0.0 0.0 0.0  
  apr_ut1 100. 10. 0.0 0.0 0.0 0.0  
 
# Set minimal globk print options since using GLORG ouput 
  prt_opt CMDS PSUM PBOP 
 
# Invoke glorg for stabilization 
  org_cmd glorg_rep.cmd 
  org_opt cmds psum gldf pbop 
  org_out globk_rep.org  
 
B.2   Glorg Command File (Time Series) 
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* Glorg file for repeatabilities 
# apr file(s) 
* apr_file ../tables/COM1490_GIA.apr 
* apr_file ../tables/Camb_Park.extapr 
* apr_file ../tables/snarf_NCP_gia_model.apr 
  apr_file ../tables/tsfit_20100513.apr 
 
# Define the stabilization frame 
x stab_site clear 
x stab_site brmu_gps algo_gps nlib_gps pie1_gps cast_gps hdil_gps 
x stab_site wmok_gps p041_gps ecsd_gps p043_gps goga_gps jct1_gps 
x stab_site p040_gps  
 
 source ../tables/stab_tsfit_20100513 
  
x stab_site -amc2 -rg01 -rg02 -rg03 -rg04 -rg05 -rg06 -rg07 -rg08 -rg09 -rg10 
x stab_site -rg11 -rg12 -rg13 -rg14 -rg15 -rg16 -rg17 -rg18 -rg19 -rg20 -rg21 
x stab_site -rg22 -rg23 -rg24 -rg25 -rg26 -p036 -p110 -hvlk -ksu1 -p029  
 
 
# Set parameters to estimate stablization 
  pos_org xrot yrot zrot xtran ytran ztran 
# estimate tanslation only 
x pos_org xtran ytran ztran  
 
# Set height ratios 
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* loosen height tolerance 
  cnd_hgtv 100. 100. 30. 30. 
 
# Iterations and editing 
  stab_ite 4 0.8 4. 
 
B.3   Globk Command File (Velocities) 
 
* Globk command file for RGRP   velocities 2006-2009 
 
  eq_file ../tables/eq_rename_20100513 
  make_svs ../tables/sat1.apr 
  com_file @.com 
  srt_file @.srt 
  srt_dir -1 
  sol_file @.sol 
 
* earth rotation values 
  in_pmu ../tables/pmu.usno 
 
* apr site file 
  apr_file ../tables/tsfit_20100513.apr 
* apr_file ../tables/Camb_Park.extapr 
* apr_file ../tables/extended_rgrp.apr 
 
* Use these sites 
  use_site clear 
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  use_pos + 28.0 -116.0 65.0 -60.0 
 
* source ../tables/use_tsfit_20100430.use 
  source ../tables/rw_tsfit_20100513 
   
  desc RGRF Velocity 2006-2009   
 
  prt_opt CMDS PSUM VSUM GDLF ERAS 
 
  max_chi 30 300 2000.0  
 
* app_ptid ALL 
 
  apr_neu all 20 20 20 1 1 1  
  apr_svs all  100 100 100 10 10 10 1 1 .02 .02 .02 .02 .02 .02 .02 .02 .02  
  apr_wob 100. 100. 10. 10.0 0.0 0.0 0.0 0.0 
  apr_ut1 100. 10. 0.0 0.0 0.0 0.0 
  mar_wob 36500 36500 365 365 0 0 0 0  
  mar_ut1 36500 365 0 0 0 0  
 
  apr_tran .005 .005 .005 0 0 0  
  mar_tran .0025 .0025 .0025 0 0 0  
 
  org_cmd glorg_vel.cmd 
  org_opt BRAT CMDS PSUM VSUM FIXA RNRP 
  org_out globk_vel.org 
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B.4   Glorg Command File (Velocities) 
* Glorg command file for velocity solutions 
 
  apr_file ../tables/tsfit_20100513.apr 
 
  source ../tables/stab_tsfit_20100513 
* stab_site -p036 -p029 -amc2 
   
  pos_org xrot yrot zrot xtran ytran ztran  
  rate_org xrot yrot zrot xtran ytran ztran  
 
  stab_min 1. 1. 
  cnd_hgtv 10. 10. 3. 3. 
 
  stab_ite 4 0.5 4. 
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Appendix C 
 
GPS Velocities 
 
C.1   GPS Velocities 
Table 1. GPS Velociy Estimates     
station Longitude (ºE) Latitude (ºN) Veast Vnorth σeast σnorth 
ACSO 277.018 40.232 -0.22 0.14 0.43 0.26 
AHID* 248.936 42.773 -1.04 -1.12 0.34 0.17 
ALGO 281.929 45.956 -0.03 -0.07 0.27 0.36 
AZCO* 250.071 31.391 -1.59 0.29 0.22 0.18 
AZSF 250.288 32.802 -1.56 0.5 0.5 0.53 
BBID* 248.474 44.185 -1.62 -2.46 0.2 0.28 
BEMT* 244.002 34.001 -5.58 4.58 0.26 0.2 
BLA1 279.579 37.211 1.42 1.16 0.31 0.36 
BLW2* 250.442 42.767 -0.86 -0.29 0.19 0.17 
BLYT* 245.285 33.61 -3.04 1.34 0.35 0.23 
BRMU 295.304 32.37 0.33 -2.11 0.34 0.29 
CACT* 244.01 33.655 -10.07 8.18 0.27 0.27 
CAST* 249.323 39.191 -1.48 -1 0.28 0.16 
CDVV* 253.03 34.254 -1.22 -0.25 0.21 0.16 
CEDA* 247.14 40.681 -3.29 -0.94 0.17 0.16 
CHUR 265.911 58.759 -3.31 0.29 0.36 0.66 
CLOV* 245.126 40.558 -3.37 -0.83 0.24 0.19 
COFC 254.84 40.593 -0.83 -0.98 1.76 3.81 
COON* 247.879 40.653 -2.41 -0.69 0.19 0.16 
CRRS* 244.265 33.07 -13.83 17.65 0.3 0.25 
DSRC* 254.739 39.991 -0.81 -1 0.18 0.17 
DUBO 264.134 50.259 -1.53 -2.29 0.21 0.25 
ECHO* 245.736 37.916 -3.52 -0.48 0.2 0.16 
ECSD* 263.386 43.734 -0.65 -0.23 0.22 0.17 
EGAN* 245.061 39.345 -4.17 -0.61 0.2 0.16 
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ELKO* 244.183 40.915 -4.29 -0.17 0.22 0.16 
EOUT* 248.071 41.253 -1.45 -1.19 0.27 0.17 
FERN* 247.545 35.342 -2.33 0.02 0.22 0.17 
FLIN 258.022 54.726 -1.94 -1.64 0.33 0.27 
FOOT* 246.195 39.369 -3.56 -0.65 0.19 0.18 
FORE* 248.62 40.512 -0.84 -0.59 0.24 0.17 
FRED* 247.501 36.988 -1.76 -0.46 0.18 0.16 
GLRS* 244.479 33.275 -6.16 1.67 0.29 0.2 
GMPK* 245.173 33.051 -2.65 1.61 0.25 0.27 
GMRC* 244.34 34.784 -3.37 0.46 0.24 0.21 
GNPS* 245.811 34.309 -2.35 1.29 0.25 0.23 
GODE 283.173 39.022 0.92 -0.02 0.29 0.31 
GOGA 276.527 33.415 -0.28 -1.17 0.55 0.22 
GOSH* 245.82 40.64 -3.16 -0.92 0.19 0.16 
GTRG 246.759 43.244 -1.38 0.16 0.32 0.38 
HCES 270.828 36.333 5.38 -1.66 0.9 0.49 
HDIL 270.706 40.556 -0.02 -0.15 0.3 0.22 
HEBE 248.627 40.514 -3.93 -3.04 4.26 2.08 
HLID* 245.586 43.563 -2.08 -1.39 0.2 0.17 
HNPS* 244.365 33.705 -5.49 2.12 0.23 0.26 
HVLK 260.893 37.651 -3.03 -2.28 1.14 0.8 
HVWY 249.464 44.614 -6.55 3.25 0.77 0.86 
HWUT* 248.435 41.607 -0.94 -0.7 0.2 0.16 
I40A* 244.089 34.727 -3.6 0.73 0.28 0.21 
IID2 244.968 32.706 -3.03 0.85 0.48 0.53 
IMPS* 244.855 34.158 -3.54 0.69 0.26 0.24 
IVCO 244.493 32.829 -12.44 23.32 2.9 3.3 
JCT1* 260.199 30.479 -0.5 -0.64 0.22 0.25 
JFWS 269.752 42.914 -1.22 -1.16 0.23 0.26 
JTNT* 259.023 33.017 -0.61 -0.29 0.29 0.22 
KSU1 263.391 39.101 -0.25 0.23 0.68 0.37 
LACR* 244.296 40.851 -3.95 0.02 0.3 0.19 
LKWY 249.6 44.565 0.17 -5.48 1.1 0.46 
LMUT* 248.072 40.261 -2.73 -0.51 0.26 0.16 
LOZ1 285.417 44.62 0.86 -0.41 0.45 0.52 
LST1 268.82 30.407 -223.06 -134.17 148.93 148.47 
LTUT* 247.753 41.592 -1.44 -1.41 0.43 0.3 
MAWY* 249.311 44.973 0.42 -0.89 0.23 0.2 
MBWW* 253.813 41.904 -0.59 -1.89 0.18 0.22 
MDO1* 255.985 30.681 -0.9 -0.84 0.29 0.18 
MFP0* 254.806 39.95 -1.09 -1.13 0.19 0.26 
MFTC 254.806 39.949 -0.48 -0.85 1.03 0.98 
MFTN 254.806 39.949 0.2 -0.22 3.66 1.04 
MFTS* 254.806 39.949 -0.83 -0.26 0.43 0.3 
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MFTW 254.806 39.949 0.12 0.17 0.83 0.5 
MOIL* 244.588 40.711 -3.85 -0.37 0.25 0.22 
MPUT* 248.366 40.016 -1.32 -0.55 0.21 0.37 
MRRN 258.304 42.904 -1.1 -0.49 0.33 0.61 
NDAP* 245.381 34.768 -2.93 0.22 0.24 0.22 
NESC* 256.339 41.827 -0.64 -2.07 0.18 0.24 
NLIB 268.425 41.772 -0.54 -0.82 0.22 0.3 
NMDE* 252.274 32.267 -1.78 0.23 0.3 0.28 
NOMT* 248.37 45.597 0.07 -1.01 0.21 0.19 
NRC1 284.376 45.454 -0.26 -0.29 0.36 0.49 
NRWY* 249.322 44.715 -2.01 -3.86 0.26 0.17 
OFW2* 249.169 44.451 -4.64 -0.97 0.31 0.23 
OKBF* 260.359 36.828 -0.3 -0.17 0.18 0.27 
OKGM 258.521 36.675 0.05 -2.04 0.34 0.4 
OPBL* 244.082 34.37 -3.09 2.06 0.29 0.22 
P001 247.198 31.949 -2.48 -0.15 0.44 0.67 
P003* 245.995 32.723 -3.34 0.31 0.26 0.26 
P004* 247.848 34.784 -2.36 -0.7 0.25 0.21 
P005* 244.721 39.91 -3.72 -0.61 0.21 0.16 
P006* 245.543 36.154 -2.53 0.47 0.3 0.25 
P007* 245.18 41.724 -3.59 -0.5 0.27 0.23 
P008* 248.87 36.143 -1.83 -0.35 0.21 0.22 
P009* 247.777 38.48 -2.49 -0.78 0.2 0.18 
P010* 246.269 34.667 -2.82 0.16 0.25 0.25 
P011* 250.481 36.15 -1.67 -0.39 0.21 0.15 
P012* 250.666 38.097 -1.26 -0.72 0.24 0.14 
P014* 248.901 31.973 -1.94 0.16 0.37 0.36 
P015* 249.991 34.264 -1.92 -0.33 0.28 0.16 
P016* 247.639 40.078 -3.32 -0.68 0.18 0.15 
P019* 244.688 43.3 -2.48 -0.89 0.29 0.21 
P024 244.158 47.562 -3.04 3.01 5.35 3.28 
P026 252.805 32.659 -1.56 -1.63 0.66 0.48 
P027* 254.196 32.802 -1.01 -0.06 0.2 0.19 
P028* 252.092 36.032 -1.29 -0.28 0.2 0.15 
P029* 252.362 38.439 -1.96 -3.33 0.38 0.18 
P030* 249.487 41.75 -0.79 -0.42 0.18 0.15 
P031* 252.091 39.515 1.54 -0.74 0.3 0.15 
P032* 252.744 41.742 -0.49 -0.45 0.17 0.15 
P033* 252.612 43.953 -0.5 -0.97 0.19 0.16 
P034* 253.541 34.946 -0.79 -0.42 0.21 0.15 
P035* 254.816 34.601 -0.95 -0.63 0.26 0.17 
P036 254.706 36.42 1.83 -0.13 0.65 0.55 
P037* 254.895 38.422 -0.7 -0.51 0.19 0.14 
P038* 256.593 34.147 -0.93 -0.82 0.26 0.18 
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P039* 256.846 36.448 -0.67 -0.26 0.2 0.15 
P040* 257.313 38.071 -0.76 -0.34 0.16 0.15 
P041* 254.806 39.949 -0.65 -0.47 0.18 0.14 
P042* 255.089 42.052 -0.72 -0.46 0.16 0.15 
P043* 255.814 43.881 -0.32 -0.46 0.15 0.15 
P044* 256.778 40.172 -0.69 -0.71 0.16 0.17 
P045* 247.383 45.383 -0.49 -1.49 0.22 0.18 
P046* 246.668 47.03 0.12 -1.29 0.24 0.2 
P047* 246.78 48.421 0.74 -1.58 0.32 0.24 
P048* 248.796 45.653 0.3 -0.63 0.24 0.21 
P049* 249.094 47.35 -0.16 -1.33 0.21 0.19 
P050* 248.752 48.809 0.19 -1.44 0.23 0.2 
P051* 251.454 45.807 -0.28 -0.95 0.19 0.16 
P052* 252.981 47.375 -0.32 -0.87 0.17 0.18 
P053* 252.275 48.726 -0.19 -1.62 0.21 0.23 
P054* 255.559 45.846 -0.37 -0.8 0.16 0.17 
P055* 255.315 47.117 -0.11 -1.01 0.17 0.18 
P057* 247.377 41.757 -2.57 -1.11 0.19 0.15 
P070* 255.302 36.045 -1.04 -0.35 0.19 0.16 
P075* 244.111 39.374 -3.24 -0.95 0.27 0.27 
P076* 244.487 39.536 -3.71 -0.39 0.24 0.18 
P077* 244.568 39.389 -4.09 -0.41 0.34 0.32 
P079* 245.308 39.255 -2.68 0.33 0.45 0.28 
P080* 245.723 39.119 -3.56 -0.5 0.19 0.17 
P081* 246.129 39.067 -3.72 -0.47 0.19 0.15 
P082* 246.495 39.269 -3.46 -0.78 0.18 0.16 
P084* 246.946 40.494 -3.44 -0.92 0.18 0.16 
P086* 247.718 40.649 -2.74 -0.95 0.17 0.15 
P088* 248.277 40.772 -1.27 -0.77 0.17 0.18 
P089* 248.585 40.807 -0.67 -0.22 0.26 0.4 
P100* 246.706 41.857 -3.62 -0.6 0.22 0.19 
P101* 248.764 41.692 -1.03 -0.65 0.19 0.17 
P102* 244.444 39.925 -3.74 -0.33 0.2 0.16 
P103* 246.958 39.345 -3.56 -0.5 0.34 0.24 
P104* 247.283 39.186 -3.11 -0.38 0.2 0.16 
P105* 247.496 39.388 -3.03 -0.13 0.23 0.22 
P106* 247.738 39.459 -3.18 -0.81 0.2 0.15 
P107* 252.12 35.132 -1.47 -0.44 0.2 0.17 
P108* 248.055 39.589 -2.41 -0.43 0.18 0.15 
P109* 248.349 39.597 -1.78 -0.76 0.2 0.18 
P110 248.429 39.715 -0.62 0.19 0.58 0.39 
P111* 246.988 41.817 -3.38 -1.06 0.18 0.15 
P112* 248.55 39.817 -1.31 -0.52 0.17 0.15 
P113* 246.722 40.671 -3.46 -0.9 0.17 0.16 
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P114* 247.472 40.634 -3.13 -0.95 0.17 0.17 
P115* 247.572 40.474 -3.22 -0.84 0.2 0.18 
P116* 247.986 40.434 -3.02 -0.95 0.23 0.18 
P117* 248.249 40.435 -3.22 -1.35 0.18 0.15 
P118* 248.65 40.635 -1.16 -0.53 0.18 0.16 
P119* 248.742 40.732 -1.36 -0.59 0.2 0.18 
P120* 254.374 35.007 -1.03 -0.29 0.18 0.16 
P121* 247.302 41.803 -2.96 -1.08 0.17 0.15 
P122* 247.668 41.635 -2.08 -1.19 0.19 0.15 
P123* 254.089 36.635 -1.41 -0.43 0.2 0.15 
P124 248.043 41.558 -1.03 0.01 0.21 0.51 
P125* 248.101 41.589 -1.97 -1.04 0.24 0.18 
P126* 248.219 41.583 -1.12 -0.79 0.33 0.19 
P350* 245.137 43.533 -2.69 -0.38 0.37 0.36 
P351* 245.281 43.874 -2.38 -0.7 0.39 0.38 
P352 245.904 43.849 -2.45 -1.03 0.39 0.51 
P353* 246.021 44.055 -2.2 -1.4 0.33 0.33 
P354* 246.021 44.109 -1.94 -1.26 0.22 0.16 
P355* 246.278 44.218 -0.75 -0.67 0.49 0.36 
P356* 249.511 43.817 -1.72 -1.64 0.21 0.21 
P357* 246.418 44.227 -1.85 -1.19 0.32 0.34 
P358* 246.759 44.402 -0.16 -0.46 0.27 0.21 
P359* 248.471 43.482 -2.19 -2.6 0.28 0.2 
P360* 248.549 44.318 -1.97 -3.35 0.19 0.18 
P361 248.56 44.56 -3.61 -3.37 0.27 2.51 
P455* 247.271 44.486 -1.24 -1.96 0.28 0.23 
P456* 248.775 44.863 0.87 0.47 0.32 0.38 
P457* 248.727 45.041 -0.61 0.73 0.36 0.29 
P458* 248.698 44.766 -0.78 -2.72 0.35 0.22 
P459* 249.254 43.748 -2.83 -2.61 0.28 0.33 
P460* 248.971 45.14 0.3 -0.41 0.24 0.19 
P461* 249.241 45.354 0.26 -0.69 0.22 0.17 
P492 244.031 32.887 -24.96 24.54 0.53 0.35 
P493 244.175 32.955 -21.67 21.76 0.45 0.3 
P494 244.268 32.76 -23.56 26.35 0.37 0.44 
P495* 244.372 33.045 -11.47 15.71 0.3 0.25 
P496 244.404 32.751 -27.29 29.81 0.37 0.81 
P497* 244.423 32.835 -16.7 22.92 0.32 0.26 
P498* 244.43 32.898 -14.41 20.42 0.34 0.25 
P499* 244.512 32.98 -6.24 5.16 0.28 0.25 
P500 244.7 32.69 -4.5 8.39 0.34 0.31 
P501* 244.602 32.876 -3.05 6.07 0.3 0.3 
P502* 244.578 32.982 -4.49 4.07 0.23 0.25 
P503* 244.28 32.949 -17.61 20.53 0.24 0.27 
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P504* 244.234 33.516 -8.38 4.12 0.27 0.24 
P505 244.313 33.424 -5.94 2.66 0.32 0.31 
P506* 244.49 33.081 -6.41 3.6 0.31 0.27 
P507* 244.388 33.2 -10.24 -1.71 0.29 0.3 
P508* 244.571 33.248 -4.6 2.08 0.29 0.26 
P509* 244.706 32.891 -1.61 2.66 0.3 0.29 
P510* 244.657 33.144 -3.67 1.92 0.29 0.27 
P511* 244.704 33.887 -3.71 0.63 0.24 0.25 
P607* 244.179 33.741 -6.63 3.49 0.3 0.25 
P608 244.313 33.994 -4.15 1.86 0.66 0.42 
P610* 244.236 34.426 -2.9 0.98 0.27 0.22 
P611* 244.35 35.205 -4.53 0.51 0.32 0.21 
P614* 244.75 34.732 -2.98 0.04 0.27 0.23 
P621* 244.456 35.473 -3.32 0.29 0.23 0.19 
P622* 244.634 35.163 -3.11 0.12 0.22 0.18 
P623* 245.401 34.189 -3.04 0.47 0.25 0.22 
P625* 245.035 34.844 -2.94 0.03 0.32 0.29 
P626* 244.762 35.291 -3.23 0.02 0.22 0.21 
P675* 247.281 42.212 -2.93 -1.22 0.17 0.15 
P676* 248.662 44.654 -1.52 -3.69 0.2 0.25 
P677* 246.132 42.879 -2.93 -1.36 0.19 0.17 
P678* 247.195 43.449 -2.35 -1.76 0.19 0.16 
P679* 246.694 44.04 -1.65 -1.16 0.38 0.41 
P680 248.901 44.598 -1.53 -4.23 0.41 0.27 
P681* 247.364 44.4 -1.45 -1.78 0.22 0.18 
P682* 249.092 42.503 -0.85 -0.58 0.34 0.31 
P683* 248.265 42.827 -2.32 -2.78 0.2 0.23 
P684* 248.55 43.919 -1.96 -2.27 0.17 0.16 
P685* 248.17 44.068 -1.7 -2.51 0.3 0.23 
P686* 248.845 44.252 -1.77 -3.52 0.23 0.39 
P706* 247.476 45.043 -0.44 -1.22 0.19 0.19 
P707* 248.163 44.719 -1.33 -2.29 0.34 0.34 
P708 249.066 43.786 0.52 2 1.3 1.84 
P709* 249.714 44.392 -0.13 -0.2 0.32 0.3 
P710 249.268 44.096 -1.7 -0.59 0.47 0.23 
P711* 249.139 44.636 2.48 -0.08 0.27 0.17 
P712 248.928 44.957 -0.45 -0.68 0.48 0.45 
P713 249.456 44.39 -6.82 3.95 1.32 1.88 
P714 249.256 44.896 -2.28 -0.05 0.46 0.54 
P715* 250.31 43.501 -0.41 -0.6 0.25 0.17 
P716 249.488 44.718 -4.89 0.14 0.43 0.29 
P717* 250.103 44.485 -0.7 -0.95 0.28 0.15 
P718* 250.624 44.753 -0.67 -0.74 0.23 0.17 
P719* 248.211 45.218 -0.08 -1.17 0.25 0.18 
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P720* 249.694 44.943 -0.77 -0.22 0.22 0.2 
P721* 249.998 45.003 -0.25 -0.48 0.19 0.21 
P722* 250.429 45.457 -0.29 -0.95 0.22 0.18 
P728* 253.026 39.178 -1.34 -1.02 0.31 0.3 
P744 244.492 32.829 -13.13 21.83 0.46 0.37 
P776 288.621 43.543 1.94 1.12 0.67 0.61 
P777 267.455 35.703 -0.36 -0.09 0.44 0.34 
P778 274.185 35.24 0.48 -0.47 0.72 0.39 
P779 277.128 35.202 0.63 -0.44 0.78 0.5 
P783* 248.585 40.808 -1.25 -0.47 0.3 0.26 
PCLN 249.301 44.73 -115.67 113.55 8.13 23.71 
PDBG* 253.173 34.211 -0.13 -0.66 0.2 0.15 
PIE1* 251.881 34.302 -1.25 0.21 0.2 0.15 
PLTC* 255.274 40.182 -0.76 -1.11 0.2 0.18 
PRKC 249.291 44.722 -50.28 -17.67 6.72 14.6 
RG01* 251.956 34.667 -1.35 -0.73 0.25 0.18 
RG02* 252.774 34.632 -0.9 -0.62 0.26 0.18 
RG03* 254.846 33.655 -1.2 -0.79 0.26 0.27 
RG04* 254.356 34.824 -1.09 0.2 0.24 0.23 
RG05* 251.644 32.553 -1.46 -0.18 0.24 0.2 
RG06 252.135 32.635 -0.96 -0.51 0.48 0.22 
RG07* 253.157 32.496 -1.3 -0.41 0.29 0.18 
RG08* 255.006 32.728 -0.89 0 0.26 0.19 
RG09* 252.944 36.305 -0.95 -0.8 0.23 0.17 
RG10* 253.461 36.451 -1.56 -0.54 0.23 0.18 
RG11* 254.221 36.523 -1.22 -0.56 0.2 0.16 
RG12* 255.032 36.459 -1.29 -0.32 0.24 0.17 
RG13* 255.789 36.491 -1.3 -1.95 0.23 0.27 
RG14* 252.027 39.956 -1.33 -1.2 0.33 0.25 
RG15* 253.254 39.909 -0.74 -1.4 0.26 0.2 
RG16* 253.651 39.884 -1.1 -0.86 0.21 0.2 
RG17* 254.33 39.762 -0.7 -1.07 0.27 0.19 
RG18* 253.599 39.065 -1.14 -1.18 0.25 0.25 
RG19* 254.448 39.19 -0.9 -0.72 0.2 0.17 
RG20* 252.304 37.892 -1.32 -0.94 0.24 0.22 
RG21* 252.891 37.768 -1.14 -0.91 0.18 0.2 
RG22* 253.658 37.794 -0.94 -0.73 0.21 0.16 
RG23* 254.501 37.744 -0.72 -0.45 0.19 0.17 
RG24* 255.033 37.964 -0.74 -0.72 0.21 0.19 
RG25* 251.769 33.986 -1.36 -0.94 0.26 0.25 
RG26 253.211 39.91 1.52 -1.51 25.58 21.34 
RUBY* 244.877 40.617 -3.69 -0.75 0.21 0.18 
SC01* 253.033 34.068 -1.05 -0.76 0.24 0.19 
SCH2 293.167 54.832 -0.18 6.53 0.57 1.04 
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SG33* 253.494 31.773 -1.03 -0.21 0.25 0.15 
SLMS* 244.022 33.292 -13.05 14.99 0.31 0.21 
SMEL* 247.155 39.426 -3.25 -0.76 0.18 0.16 
SPIC* 247.873 39.306 -3.23 -0.27 0.16 0.14 
SPMX 244.534 31.045 -32.31 28.92 0.61 0.52 
STMB 249.297 44.724 -5.13 -4.61 3.64 19.4 
SUM2 257.488 34.825 0.26 0.1 0.97 1.01 
SUM6 257.488 34.825 0.39 -0.42 0.42 0.45 
TCUN 256.391 35.085 -1.12 0.15 0.42 0.21 
TMGO* 254.767 40.131 -0.85 -1.21 0.17 0.2 
TSWY* 249.403 43.674 -1.98 -1.24 0.18 0.16 
TUF1 249.294 44.729 -3.64 -6.59 3.51 3.1 
TXAM* 258.122 35.154 -0.64 -0.45 0.22 0.18 
TXLU* 258.157 33.535 -0.56 -0.71 0.24 0.17 
TXOD* 257.685 31.874 -0.51 -1.43 0.34 0.27 
TXPE* 255.643 29.559 -1.3 -0.24 0.39 0.2 
TXSA* 259.527 31.414 -0.63 -0.05 0.33 0.21 
TXSN* 257.591 30.153 -0.88 -0.3 0.34 0.21 
UTEP 253.494 31.773 -3.27 -0.77 1.84 3.3 
WEIR 249.285 44.734 -47.41 -31.62 6.72 5.51 
WES2 288.507 42.613 1.65 0.48 0.42 0.37 
WHN1 256.671 42.739 -4.35 -7.42 0.91 2.22 
WHN5* 256.671 42.739 -0.24 -1.16 0.31 0.44 
WLWY 249.713 44.64 1.94 -3.89 0.46 0.24 
WMOK* 261.219 34.738 0.17 -0.53 0.2 0.19 
WSMN* 253.65 32.407 -1.64 0.76 0.36 0.27 
YELL 245.519 62.481 -1.8 -2.07 0.35 0.37 
Velocities and uncertainties are in mm/yr         
* These stations are used to constrain the reference frame       
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Appendix D 
 
HARN GPS Campaign 
 
D.1   2008 Campaign Equipment Information  
Site Rec. type: Receiver SN: Firmware: Antenna type: 
07VA TPS GB-1000 T222112 3.1 Mar,13,2007 p2 TOPCON PG-A1 
D7AA TPS GB-1000 T224073 3.1 Mar,13,2007 p3 TOPCON PG-A1 
CHAM TPS GB-1000 T222079 3.1 Mar,13,2007 p4 TOPCON PG-A1 
CKOK TPS GB-1000 T224598 3.1 Mar,13,2007 p2 TOPCON PG-A1 
CLAY TPS GB-1000 T224606 3.0 Jun,16,2006 TOPCON PG-A1 
COKS TPS GB-1000 T224598 3.1 Mar,13,2007 p2 TOPCON PG-A1 
CORR TPS GB-1000 T222045 3.1 Mar,13,2007 p2 TOPCON PG-A1 
07VA TPS GB-1000 T222011 3.0 Jun,16,2006 TOPCON PG-A1 
FARM TPS GB-1000 T222112 3.1 Mar,13,2007 p2 TOPCON PG-A1 
GLO6 TPS GB-1000 T222046 3.0 Jun,16,2006 TOPCON PG-A1 
GPSB TRIMBLE 5700 440100267 NP 2.30 / SP 2.30 Tremble Zephyr 
GREE TPS GB-1000 T222079 3.1 Mar,13,2007 p2 TOPCON PG-A1 
KNOW TPS GB-1000 T222048 3.1 Mar,13,2007 p2 TOPCON PG-A1 
LIMO TPS GB-1000 T222004 3.1 Mar,13,2007 p2 TOPCON PG-A1 
MEEK TPS GB-1000 T224069 3.0 Jun,16,2006 TOPCON PG-A1 
PERA TPS GB-1000 T222013 3.1 Mar,13,2007 p2 TOPCON PG-A1 
PLAT TPS GB-1000 T224066 3.1 Jan,24,2007 p1 TOPCON PG-A1 
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PONC TPS GB-1000 T224609 3.1 Mar,13,2007 p2 TOPCON PG-A1 
STER TPS GB-1000 T222127 3.1 Mar,13,2007 p2 TOPCON PG-A1 
STOK TPS GB-1000 T222007 3.1 Mar,13,2007 p2 TOPCON PG-A1 
VALD TPS GB-1000 T222046 3.0 Jun,16,2006 TOPCON PG-A1 
WALD TPS GB-1000 T222124 3.1 Mar,13,2007 p2 TOPCON PG-A1 
Y8AA TPS GB-1000 T224608 3.1 Mar,13,2007 p2 TOPCON PG-A1 
LYON TPS GB-1000 T222011 3.0 Jun,16,2006 TOPCON PG-A1 
WILS TRIMBLE 4000ST 3209A02664 NP 4.81 / SP 1.15 TRIMBLE 
TAOS ASHTECH UZ-12 ZE120023406 ZE210A13 --E- ASHTECH 
 
 
D.2   Site Locations 
Site Obs. length ID Latitude Longitude Height (m) 
STERLING 
AIRPORT 67 hours STER 40.62161578 -103.266584 1208.9379 
TRINIDAD 
AIRPORT 209 hours STOK 37.26089309 -104.3376534 1732.1434 
DURANGO 
AIRPORT 75 hours WILS 37.15884802 -107.7528207 2013.3476 
DEL NORTE 74 hours W163 37.68283211 -106.4987713 2439.4481 
LAVETA 
AIRPORT  79 hours 07VA 37.52483859 -105.0016318 2138.6704 
KNOWLES 74 hours KNOW 39.25216392 -105.2391813 1990.8560 
PERASSO 68 hours PERA 39.08376976 -106.3059588 2797.7940 
TAOS AIRPORT 72 hours TAOS 36.46033161 -105.6690303 2137.7162 
GREENHORN 135 hours GREE 37.88893306 -104.8560128 1864.3351 
PONCHA 
SPRINGS 71 hours PONC 38.51696361 -106.0712196 2261.2336 
LIMON 
74 hours LIMO 39.26841104 -103.6640883 1609.1661 
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AIRPORT 
CORRAL 
BLUFFS 112 hours CORR 38.86981597 -104.5933892 2051.1296 
CLAYTON AIR 22 hours CLAY 36.44512873 -103.1559724 1491.3748 
BERTHOUD 
PASS 92 hours D7AA 39.79890067 -105.777846 3436.8393 
GUNNISON 69 hours GUNN 38.5387823 -106.9266795 2325.8050 
CO-KS-NE 
Boundary 48 hours COKN 40.0032286 -102.051786 1026.1679 
FARMINGTON 
AIR 24 hours FARM 36.74004278 -108.2194965 1654.6540 
GRAND JCT AIR 73 hours GL06 39.10631866 -108.5337438 1435.1002 
MEEKER 
AIRPORT 76 hours MEEK 40.041958 -107.8929417 1920.0771 
CHEYENNE 
GPSBASE 217 hours 0245 41.13405769 -104.8672269 1867.4105 
CHAMBERLAIN 95 hours CHAM 37.7182774 -108.8530754 2004.1801 
VALDOVINOS 123 hours VALD 38.49586815 -108.3515479 2496.1397 
LYONS 76 hours LYON 40.22826207 -105.2688842 1655.6025 
PLATTEVILLE 
NCMN 98 hours PLAT 40.18279264 -104.7263461 1501.2756 
WALDEN AIR 93 hours WALD 40.74395583 -106.2805339 2471.9241 
CO-OK-KS 
Boundary 29 hours CKOK 36.99307113 -102.042133 1098.0012 
 
 
D.3   Antenna Heights 2001 
 Start Date End Date  
ID Year Doy Hr Min Sec Year Doy Hr Min Sec Ant. Ht 
07VA 2001 229 0 0 30 2001 229 11 59 29 1.45 
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07VA 2001 229 12 1 0 2001 229 16 27 29 1.45 
07VA 2001 229 16 53 30 2001 229 23 54 59 1.454 
07VA 2001 230 0 4 30 2001 230 11 59 29 1.454 
07VA 2001 230 12 1 0 2001 230 19 6 59 1.454 
CHAM 2001 241 17 38 0 2001 241 23 59 29 0.128 
CHAM 2001 242 0 1 0 2001 242 11 59 29 0.128 
CHAM 2001 242 12 1 0 2001 242 23 59 29 0.128 
CHAM 2001 243 0 1 0 2001 243 11 59 29 0.128 
CLAY 2001 233 1 34 0 2001 233 17 33 30 1.5754 
COKS 2001 234 0 0 30 2001 234 11 58 30 0.128 
COKS 2001 234 12 0 30 2001 234 23 58 30 0.128 
COKS 2001 235 0 0 30 2001 235 11 58 30 0.128 
CORR 2001 232 17 10 30 2001 232 23 59 0 0.128 
CORR 2001 233 0 0 30 2001 233 23 59 0 0.128 
CORR 2001 234 0 0 30 2001 234 23 59 0 0.128 
CORR 2001 235 0 0 30 2001 235 23 59 0 0.128 
CORR 2001 236 0 0 30 2001 236 23 59 0 0.128 
CORR 2001 237 0 0 30 2001 237 3 52 30 0.128 
D7AA 2001 234 0 0 30 2001 234 11 59 29 0.128 
D7AA 2001 234 12 1 0 2001 234 23 59 30 0.128 
D7AA 2001 235 0 1 0 2001 235 11 59 29 0.128 
D7AA 2001 235 12 1 0 2001 235 15 10 29 0.128 
FARM 2001 235 2 1 30 2001 235 18 20 30 1.6163 
GLO6 2001 240 22 56 0 2001 240 23 59 0 0.128 
GLO6 2001 241 0 0 30 2001 241 23 59 0 0.128 
GLO6 2001 242 0 0 30 2001 242 23 59 0 0.128 
GLO6 2001 243 0 0 30 2001 243 16 30 30 0.128 
GPSB 2001 240 14 27 30 2001 242 23 20 29 1.353 
GREE 2001 231 0 24 30 2001 231 10 29 59 0.128 
GREE 2001 231 12 54 30 2001 231 23 59 29 0.128 
	  	  
110	  
GREE 2001 232 0 1 0 2001 232 11 59 29 0.128 
KNOW 2001 229 0 0 30 2001 229 11 58 30 0.128 
KNOW 2001 229 12 0 30 2001 229 23 58 30 0.128 
KNOW 2001 230 0 0 30 2001 230 11 58 30 0.128 
KNOW 2001 230 12 0 30 2001 230 12 47 59 0.128 
LIMO 2001 231 0 0 30 2001 231 23 59 0 0.128 
LIMO 2001 232 0 0 30 2001 232 23 59 0 0.128 
LIMO 2001 233 0 0 30 2001 233 18 13 30 0.128 
LYON 2001 247 22 40 0 2001 247 23 58 59 0.128 
LYON 2001 248 0 0 30 2001 248 23 58 59 0.128 
LYON 2001 249 0 0 30 2001 249 23 58 59 0.128 
LYON 2001 250 0 0 30 2001 250 16 11 29 0.128 
MEEK 2001 240 19 15 30 2001 240 23 59 0 1.595 
MEEK 2001 241 0 0 30 2001 241 23 59 0 1.595 
MEEK 2001 242 0 0 30 2001 242 23 59 0 1.595 
MEEK 2001 243 0 0 30 2001 243 18 56 0 1.595 
PERA 2001 229 0 0 30 2001 229 11 59 29 0.128 
PERA 2001 229 12 1 0 2001 229 23 59 29 0.128 
PERA 2001 230 0 1 0 2001 230 11 59 29 0.128 
PLAT 2001 247 20 47 0 2001 247 23 59 0 0.128 
PLAT 2001 248 0 0 30 2001 248 23 59 0 0.128 
PLAT 2001 249 0 0 30 2001 249 23 59 0 0.128 
PLAT 2001 250 0 0 30 2001 250 23 59 0 0.128 
PLAT 2001 251 0 0 30 2001 251 23 59 0 0.128 
PLAT 2001 252 0 0 30 2001 252 23 59 0 0.128 
PLAT 2001 253 0 0 30 2001 253 15 2 30 0.128 
PONC 2001 231 0 0 30 2001 231 11 59 29 0.128 
PONC 2001 231 12 1 0 2001 231 23 59 29 0.128 
PONC 2001 232 0 1 0 2001 232 11 59 29 0.128 
STER 2001 226 22 2 30 2001 226 23 58 59 0.128 
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STER 2001 227 0 0 30 2001 227 23 58 59 0.128 
STER 2001 228 0 0 30 2001 228 23 58 59 0.128 
STER 2001 229 0 0 30 2001 229 23 58 59 0.128 
STER 2001 230 0 0 30 2001 230 23 58 59 0.128 
STER 2001 231 0 0 30 2001 231 23 58 59 0.128 
STER 2001 232 0 0 30 2001 232 23 58 59 0.128 
STER 2001 233 0 0 30 2001 233 4 41 59 0.128 
STER 2001 235 14 53 0 2001 235 23 58 59 0.128 
STER 2001 236 0 0 30 2001 236 23 58 59 0.128 
STER 2001 237 0 0 30 2001 237 23 58 59 0.128 
STER 2001 238 0 0 30 2001 238 23 58 59 0.128 
STER 2001 239 0 0 30 2001 239 23 58 59 0.128 
STER 2001 240 0 0 30 2001 240 6 6 59 0.128 
STOK 2001 228 17 43 30 2001 228 23 59 0 0.128 
STOK 2001 229 0 0 30 2001 229 12 44 30 0.128 
STOK 2001 229 12 46 30 2001 229 23 59 0 0.128 
STOK 2001 230 0 0 30 2001 230 21 31 0 0.128 
STOK 2001 231 0 0 30 2001 231 23 59 0 0.128 
STOK 2001 232 0 0 30 2001 232 12 23 0 0.128 
STOK 2001 232 12 43 30 2001 232 23 59 0 0.128 
STOK 2001 233 0 0 30 2001 233 23 59 0 0.128 
STOK 2001 234 0 0 30 2001 234 23 59 0 0.128 
STOK 2001 236 0 0 30 2001 236 23 59 0 0.128 
STOK 2001 237 0 0 30 2001 237 23 59 0 0.128 
STOK 2001 238 0 0 30 2001 238 12 2 0 0.128 
STOK 2001 238 13 11 0 2001 238 23 19 30 0.128 
STOK 2001 239 13 17 30 2001 239 23 21 0 0.128 
STOK 2001 240 17 54 0 2001 240 21 50 0 0.128 
STOK 2001 241 16 30 30 2001 241 22 17 0 0.128 
STOK 2001 242 13 46 30 2001 242 22 27 30 0.128 
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STOK 2001 243 13 51 30 2001 243 20 38 0 0.128 
STOK 2001 244 13 35 0 2001 244 21 3 30 0.128 
STOK 2001 245 14 52 30 2001 245 21 0 30 0.128 
STOK 2001 246 13 58 30 2001 246 21 26 0 0.128 
STOK 2001 247 13 41 30 2001 247 21 8 30 0.128 
STOK 2001 248 13 34 30 2001 248 20 47 0 0.128 
STOK 2001 249 13 22 30 2001 249 22 23 30 0.128 
STOK 2001 250 14 57 0 2001 250 16 28 0 0.128 
TAOS 2001 229 0 8 30 2001 229 20 39 0 1.1248 
TAOS 2001 229 20 39 30 2001 230 23 35 30 1.1248 
TAOS 2001 230 23 36 0 2001 231 19 56 0 1.1248 
TAOS 2001 234 1 45 30 2001 234 18 25 0 1.1995 
VALD 2001 241 2 23 0 2001 241 23 58 59 0.128 
VALD 2001 242 0 0 30 2001 242 23 58 59 0.128 
VALD 2001 243 0 0 30 2001 243 14 18 29 0.128 
W163 2001 229 0 41 30 2001 229 11 59 30 0.128 
W163 2001 229 12 1 0 2001 229 23 59 30 0.128 
W163 2001 230 0 1 0 2001 230 11 59 30 0.128 
W163 2001 230 12 1 0 2001 230 12 49 0 0.128 
WALD 2001 248 21 43 45 2001 250 19 51 14 0.128 
WILS 2001 224 0 0 0 2001 224 15 13 29 1.673 
WILS 2001 227 23 12 30 2001 228 23 52 59 1.672 
WILS 2001 229 0 16 30 2001 229 23 47 59 1.673 
WILS 2001 230 0 0 30 2001 230 23 45 29 1.673 
WILS 2001 231 17 2 30 2001 231 23 34 59 1.673 
WILS 2001 231 23 53 30 2001 232 23 44 59 1.608 
WILS 2001 232 23 57 30 2001 233 23 45 59 1.608 
WILS 2001 233 23 57 30 2001 234 23 29 59 1.608 
WILS 2001 234 23 45 0 2001 236 0 11 29 1.652 
WILS 2001 236 0 28 30 2001 236 15 14 59 1.651 
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WILS 2001 236 18 32 0 2001 236 23 50 59 1.651 
WILS 2001 237 0 0 0 2001 238 0 7 59 1.651 
WILS 2001 238 0 19 30 2001 238 4 2 29 1.651 
WILS 2001 238 14 50 0 2001 238 23 44 59 1.651 
WILS 2001 239 0 0 30 2001 240 1 17 59 1.687 
WILS 2001 240 1 29 30 2001 241 1 11 59 1.687 
WILS 2001 241 1 23 30 2001 242 0 52 59 1.687 
WILS 2001 242 1 14 0 2001 243 1 34 59 1.637 
WILS 2001 243 1 43 30 2001 244 2 32 59 1.636 
WILS 2001 244 2 48 0 2001 244 23 24 59 1.636 
WILS 2001 244 23 36 30 2001 245 14 10 29 1.636 
WILS 2001 245 17 43 0 2001 246 0 33 59 1.636 
WILS 2001 246 0 47 30 2001 246 17 52 29 1.596 
WILS 2001 246 20 44 0 2001 248 1 36 59 1.596 
WILS 2001 248 1 52 30 2001 249 0 45 59 1.596 
WILS 2001 249 1 21 0 2001 249 23 48 59 1.626 
WILS 2001 250 0 8 0 2001 250 23 16 59 1.627 
Y8AA 2001 234 0 0 30 2001 234 11 59 29 0.128 
Y8AA 2001 234 12 1 0 2001 234 23 59 29 0.128 
Y8AA 2001 235 0 1 0 2001 235 11 59 29 0.128 
Y8AA 2001 235 12 1 0 2001 235 14 35 59 0.128 
 
 
D.4  Antenna Heights 2008 
 Start Date End Date   
ID Year Doy Hr Min Sec Year  Doy Hr Min Sec 
Ant. 
Ht. M.T. 
07VA 2008 197 17 24 30 2008 201 1 5 0 1.3736 DHARP 
CHAM 2008 204 20 12 30 2008 208 13 23 0 0.181 DHARP 
	  	  
114	  
CLAY 2008 204 16 12 30 2008 205 14 16 30 0.181 DHARP 
COKS 2008 197 16 0 0 2008 200 21 11 0 0.181 DHARP 
CORR 2008 207 0 40 0 2008 211 17 41 30 0.181 DHARP 
D7AA 2008 204 22 20 0 2008 208 18 43 30 0.181 DHARP 
FARM 2008 205 21 8 30 2008 208 21 35 0 1.2624 DHARP 
GLO6 2008 198 15 23 30 2008 201 0 16 0 0.181 DHARP 
GPSB 2008 198 15 7 0 2008 207 16 14 0 2 DHARP 
GREE 2008 194 23 26 30 2008 201 1 58 30 0.181 DHARP 
KNOW 2008 211 16 1 0 2008 214 18 42 0 0.181 DHARP 
LIMO 2008 197 22 10 0 2008 201 0 41 30 0.181 DHARP 
LYON 2008 210 20 17 30 2008 213 23 59 30 0.181 DHARP 
MEEK 2008 197 21 48 0 2008 201 2 26 30 1.2564 DHARP 
PERA 2008 204 0 44 30 2008 206 21 58 30 0.181 DHARP 
PLAT 2008 197 21 27 30 2008 202 16 17 0 0.181 DHARP 
PONC 2008 204 13 20 0 2008 207 13 39 0 0.181 DHARP 
STER 2008 197 2 21 30 2008 199 21 56 0 0.181 DHARP 
STOK 2008 194 21 45 0 9999 999 0 0 0 0.181 DHARP 
TAOS 2008 197 23 45 0 2008 201 0 37 30 1.5 DHARP 
VALD 2008 204 16 43 30 2008 209 18 58 30 0.181 DHARP 
W163 2008 197 20 51 0 2008 200 22 57 30 0.181 DHARP 
WALD 2008 197 16 57 30 2008 201 16 29 0 0.181 DHARP 
WILS 2008 204 22 40 0 2008 204 23 59 30 1.714 SLBGP 
WILS 2008 205 0 0 0 2008 205 23 59 30 1.714 SLBGP 
WILS 2008 206 0 0 0 2008 206 14 19 30 1.714 SLBGP 
WILS 2008 206 15 53 0 2008 206 23 59 0 1.75 SLBGP 
WILS 2008 207 0 0 0 2008 207 23 59 30 1.75 SLBGP 
WILS 2008 208 0 0 0 2008 208 12 27 0 1.75 SLBGP 
Y8AA 2008 215 1 25 0 2008 217 22 44 30 0.181 DHARP 
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Appendix E 
 
GPS Overview and Theory 
 
E.1  General System Overview  
 
The Global Positioning System (GPS) is a satellite based navigation system, created and 
operated by the U.S. Department of Defense (DoD). GPS was designed to provide a passive 
global navigation system allowing U.S. military and civilian users to accurately estimate their 
position, velocity and time without actively interacting with the system.  The U.S. military 
requested that position, velocity and time estimates be available to a U.S. military user nearly 
instantaneously, at any time and at any location on Earth. The development of GPS has 
revolutionized the science of positioning by improving the accuracy, speed and simplicity of 
many geodetic measurements.  Much of the information in the following sections was taken from 
the two excellent GPS texts Misra and Enge (2005) and Strang and Borre (1997).  
E.2  Trilateration  
The underlying method used in positioning with GPS is trilateration.  Trilateration 
requires the measurement of three ranges to three separate reference positions with known 
coordinates in order to estimate a position.  In GPS, satellites orbiting the Earth provide the 
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known reference positions for those measurements. The smooth and predictable orbital paths of 
GPS satellites allow the U.S. Department of Defense to predict future satellite positions every 
two hours with errors approaching ~ 1 m in the radial component. The range between the user 
and the satellite is estimated by measuring the transit time of a signal transmitted by a satellite 
and received by the user. Multiplying the transit time by the speed of light gives the estimated 
range, or the pseudorange. To measure the true transit time between the satellite and the user, 
clocks in the satellite and the receiver need to be synchronized.  However, synchronizing the 
clocks to the required precision for accurate positioning would be cost prohibitive.  To 
circumvent this problem, the user can assume that the bias in the receiver clock affects the 
pseudorange measurements from each satellite equally. Thus, the bias can simply be added as a 
fourth unknown to be estimated along with the three unknowns for position. Therefore, GPS 
requires a minimum of four satellites to be visible by the user in order to estimate a position and 
a receiver clock bias.  
E.3  Satellites 
Currently the space component of the Global Positioning System is comprised of a 32-
satellite constellation, flying in Medium Earth orbits (MEO).  A Medium Earth orbit is the space 
above 2,000 km in altitude and below the geostationary orbit, which has a radius of 35,786 km. 
The satellites are arranged in six orbital planes, with 4 or more satellites in each plane. The 
satellites in each plane are spaced imperfectly to minimize loss of coverage if any one satellite 
fails. Additional satellites can be added at any time with additional launches or decommissioned 
as they fail. The orbital planes are inclined at ~55 degrees with respect to the equatorial plane.  
Each satellite completes two orbits per sidereal day, while a satellite’s ground track repeats once 
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per sidereal day. A sidereal day is defined as the time it takes the Earth to make one rotation 
about its axis relative to the distant stars. This is in contrast to Greenwich Mean Time (GMT), 
which is defined as the time it takes the Earth to make one rotation about its axis relative to the 
sun. GPS satellites travel in nearly circular orbits at approximately 20,000 km above the surface 
of the earth.     
E.4  Signals 
For the sake of brevity, this thesis will only provide a summary of the signals and codes 
used in GPS positioning. The primary goal of this section is to provide the reader enough 
knowledge to understand the limitations of positioning using GPS frequencies and codes. For 
further reading I suggest the textbook Global Positioning System by Misra and Enge (2005), 
which has a detailed section discussing GPS signals.   
Each satellite in the GPS constellation broadcasts signals on two frequencies, L1 
(1575.42 MHz) and L2 (1227.60 MHz). The radio signals sent by the satellites are phase 
modulated with a known sequence of bits. The modulated signal for L1 is divided into two 
separate codes, the Coarse/Acquisition (C/A) code (1.023 MHz) and the Precision (P(Y)) code 
(10.23 MHz). Only the modulated P(Y) code is broadcast on L2. The next generation of GPS 
satellites will broadcast a second (C/A) code on L2.  Since 1994, the U.S. Department of Defense 
has encrypted the P(Y) code to prevent spurious GPS signals from affecting a military user’s 
position estimates. Access to the P(Y) code requires a cryptographic key available only to 
authorized military users.  As a work around, receiver manufactures have taken advantage of the 
mathematical properties of duplicate P(Y) codes being transmitted on both L1 and L2. They have 
developed proprietary techniques for making L2 measurements without using the military’s 
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cryptographic key.  Dual frequency receivers cost significantly more than conventional receivers; 
however, they enable users to make two separate pseudorange measurements to each satellite. 
Due to the dispersive nature of the ionosphere with L-band signals, dual frequency 
measurements allow users to accurately model the delay associated with a signal traveling 
through the ionosphere. Common handheld GPS devices only receive the unencrypted codes on 
the L1 frequency. This reduces the cost of the unit at the cost of degrading the accuracy and 
precision of position estimates. The Topcon GB-1000 receivers we use for this study receive 
both the L1 and L2 frequencies allowing the signal delay from the ionosphere to be accurately 
modeled.  
E.5   Global Reference Systems 
 To represent a receiver’s position on the surface of the earth and study its motion relative 
to other geodetic points, a common geodetic coordinate system must be defined for all GPS 
satellites and a given receiver.  A geodetic coordinate system is defined by several criteria. First, 
the center of mass of the Earth is chosen as the origin of the Cartesian system. Secondly, the 
Earth’s pole of rotation defines the z-axis, with the North Pole being positive. Thirdly, the x-axis 
is defined by the intersection of a plane normal to the z-axis and a reference meridian. Finally, 
the y-axis is defined by completing the right-handed coordinate system with a third axis 
orthogonal to others.  This is referred to as the Conventional Terrestrial Reference System 
(CTRS).  
The geodetic reference system would be complete if the rotation axis stayed fixed relative 
to the surface of the Earth. Unfortunately, the pole of rotation wanders around on the surface of 
the Earth in a relatively circular path.  This motion in called polar motion. By definition, a 
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change in the pole’s position would lead to changes in position for all points on earth. These 
changes would not be large (~15 m), but for millimeter accuracy in positioning the polar motion 
needs to be accounted for with various geodetic observations. Using very long baseline 
iterferometry (VLBI) and GPS, the International Earth Rotation Service (IERS) computes the 
coordinates of the pole of rotation daily (http://hpiers.obspm.fr/eop-pc/). To side step this 
problem geodesists have defined an average position for the earth’s pole of rotation and used that 
to define the z-axis.  Several other sources of error in determining an accurate reference system 
include plate tectonic movements, solid earth tides and ocean loading displacements. Corrections 
for all of these errors can be computed with high precision GPS analysis software, including the 
GAMIT/GLOBK package.   
E.5.1  International Terrestrial Reference Frame (ITRF) 
 The scientific community created and maintains a reference frame of its own.  The 
International Earth Rotation Service (IERS) developed the International Terrestrial Reference 
Frame to provide global references to the astronomical, geodetic and geophysical communities. 
Measurements from several hundred terrestrial stations using VLBI, SLR, lunar laser ranging 
(LLR) and GPS are used to realize a more accurate frame than the WGS84 realization. Station 
velocities are estimated to account for geodynamic processes. All GPS sites used in this study 
were processed using satellite position estimates realized in the 2005 International Terrestrial 
Reference Frame (ITRF; Altamimi et al., 2007)  
E.5.2  Stable North American Reference Frame 
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 For the purposes of geodetic research on the North American continent, the scientific 
community created a reference frame fixed to stable North America. The Stable North American 
Reference Frame (SNARF) provides a common plate-fixed frame that helps to facilitate 
improved geophysical interpretations and allows researchers to compare their geodetic solutions 
with others. Information regarding the SNARF working group and project is available at 
(http://www.unavco.org/research_science/workinggroups_projects/snarf/references.html). 
E.6   GPS Observations 
There are two fundamental observables in GPS, the pseudorange and the carrier phase. 
The carrier phase is a much more precise observable than the pseudorange. Using the P(Y) code 
and both the L1 and L2 frequencies, a GPS receiver can estimate two pseudorange measurements 
and two carrier phase measurements for each visible satellite at a given epoch. The GPS receiver 
measures the pseudorange between the satellite and the antenna at a given epoch by measuring 
the time the signal takes to propagate from the satellite to the receiver. The pseudorange is the 
time of propagation multiplied by the speed of light. The receiver determines the pseudorange by 
correlating codes received from the satellite with replica codes generated by the receiver. The 
time between when the satellite sent the code and when it was received at the receiver’s antenna 
can be estimated by measuring the time shift in the correlation. Multiplying the time offset by the 
speed of light determines the pseudorange. The receiver’s clock determines the timing of the 
replica codes.  The lack of time synchronization between the receiver’s clock and the satellite’s 
clock introduces a bias in the measured time shift between the two codes. The pseudorange 
observable between a receiver and a satellite can be modeled as follows  
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 (E.1) 
 
where ρ, R, cδtr, cδts, I, T are pseudorange, geometric range or the true range, receiver clock 
bias, satellite clock bias, ionospheric delay and tropospheric delay. The subscripts r, s, ρ 
represent the receiver, satellite, and the pseudorange. The variable ε represents errors introduced 
from multipath and from noise in the receiver’s ability to estimate the pseudorange thru 
correlation of the codes.  
 The carrier phase is the phase difference between the receiver-generated carrier signal 
and the signal received from the satellite at the time of measurement. From the time that a 
receiver starts tracking a satellite signal, to when it loses it, the receiver keeps track of the phase 
difference between the receiver-generated signal and the carrier signal. If the receiver maintains 
a continuous lock on the satellite’s signal, it can count the difference in integer cycles plus the 
fractional component of the phase. The phase difference measures how the range between the 
satellite and receiver changes with respect to time.  This measurement; however, still does not 
provide the range between the receiver and satellite, which estimating position with trilateration 
requires. To determine range from the carrier phase measurement, an integer number of cycles 
needs to be estimated and added to the phase measurement.  The integer number is referred to as 
an integer ambiguity.  The range from a carrier phase measurement can be modeled as follows 
€ 
λφ = R + cδtr − cδt s − Iφ +Tφ + Nλ +εφ . (E.2) 
 
! 
" = R + c#tr $ c#t s + I" +T" +%"
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Here, Φ, λ, and R are phase, wavelength, and geometric range respectively. The ionosphere 
advances phase, so I, the ionospheric delay term, is now negative. The integer ambiguity is 
represented by the N-term. The ε-term still represents noise from the receiver and multipath; 
however, this term is much smaller than the previous model for psuedorange. The N-term in 
equation (E.2) can be included as an unknown when estimating position and time.  
E.7   Error Sources 
 Measurements in GPS are affected by biases and noise, which influence the accuracy of 
the position estimate from trilateration. Generally, the degradation in accuracy from 
measurement noise decreases as number of measurements increases.  A bias, however, will not 
average out as the number of measurements increases. Both the pseudorange and carrier phase 
measurements include biases from many sources. Some of these errors can be removed, while 
others reduced, and some are simply neglected. The follow sections will describe some of these 
error sources and how they can be mitigated.  
E.7.1 Ephemeris Errors 
 GPS receivers obtain satellite position information from the satellite navigation message. 
The navigation message contains Keplerian orbital parameters for the 32 GPS satellites. GPS 
receivers use Keplerian orbital parameters to estimate the position of each visible satellite at a 
given epoch. Since the Global Positioning System is designed to be a real-time service, the 
orbital parameters are predicted based on measurements made 24-48 hours earlier using ground 
based monitoring stations operated by the Dept. of Defense. The ephemeris is updated every 2 
hours. However, a more accurate ephemeris product is available for high precision GPS 
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measurement when real-time estimates are not required. The final orbit product from the 
International GNSS Service (IGS) now estimates the positions of GPS satellites to within 1-2 
cm.  We use the IGS final orbit product (realized in an ITRF 2005 frame) for this study to reduce 
the error contribution from ephemeris estimates.  
E.7.2  Satellite Clock Errors 
 Despite the accuracy of the high quality clocks used in GPS satellites for time keeping 
and signal synchronization, significant biases are introduced into pseudorange measurements 
from clock drift. Offsets from rubidium and cesium clocks can reach 10-7 seconds in a day. That 
is equivalent to ~ 30 m of bias in the pseudorange! This shows how important time keeping is 
with GPS measurements. The IGS provides an accurate clock product available to GPS users 
who do not require real-time positioning.  The final clock products from the IGS have standard 
deviations of ~20-12 seconds. A second method for eliminating the satellite clock error is 
available. Simultaneous measurements from multiple receivers will have the same satellite clock 
biases. Double differencing the phase measurements can be used to eliminate the satellite clock 
bias when data from two or more receivers is available. Both the more accurate clock products 
and the double differencing technique were used for the GPS analysis in this study. 
E.7.3 Receiver Clock Errors 
 Most GPS receivers have inexpensive quartz oscillators that can drift substantially and 
erratically.  The bias introduced from a GPS receiver’s clock affects all of the ranges from that 
receiver to each satellite equally. Most typical real-time GPS receivers solve for an extra 
parameter when solving for position (using the pseudorange), which estimates the receiver clock 
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bias. However, when post processing GPS data from multiple receivers, double differencing can 
be used to eliminate the receiver clock error completely.  
E.7.4 Ionospheric Effects 
 The ionosphere extends from ~50-1000 km above the Earth. It is a region of ionized 
gases. The ionization of the ionosphere is strongly affected by extreme ultraviolet solar radiation 
that causes the photoionization of the neutral gas (Jakowski et al., 2002). Cosmic rays and solar 
wind also play a minor role. The state of ionization of the ionosphere is determined by the 
intensity of solar activity.  There can be considerable daily fluctuations in the electron density of 
the ionosphere. The speed of a radio signal traveling through the ionosphere depends on the 
number of free electrons in its path, which is defined as the total electron content (TEC). The 
ionized gas behaves as a dispersive medium for radio waves. As GPS signals propagate through 
the ionosphere, dispersion occurs and free electrons delay the pseudorange and advance the 
carrier phase by equal magnitude, which affects the accuracy of position estimates. The amount 
of delay is proportional to TEC for pseudorange and inversely proportional to TEC for the carrier 
phase. When using a dual frequency receiver, ionosphere free pseudorange measurements can be 
made using a linear combination of the measurements from both frequencies (Brunner and Gu, 
1991). For this study we use the ionosphere free combination of the phase measurements. 
E.7.5 Multipath 
Multipath happens when a signal from a GPS satellite reaches an antenna via two or more 
paths. The reflected signals interfere with the direct signal and thereby increase the range 
measurement error. In general, specular surfaces near a site vary little on a daily basis (excluding 
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precipitation). Sudden large changes in day-to-day multipath averages can indicate equipment 
failure. MP1 and MP2 are linear combinations of the psuedorange and phase measurements with 
the following equations 
 (E.3) 
where  and  are the psuedorange and phase measurements with the subscript indicating the 
frequency of the measurement. The coefficients A and B can be determined from the following 
relationship  
 (E.4) 
where  and  are the known frequencies of L1 (1575.42 MHz) and L2 (1227.60 MHz), 
respectively. Locating GPS monuments in areas where specular surfaces are minimized can 
mitigate multipath. Geodetic quality antennas are designed so that the gain pattern is minimized 
underneath the antenna to reduce the effect of multipath.  
E.8   Combined Phase Observations 
 Most high precision GPS analysis software packages use the double difference method to 
estimate the position of a given receiver relative to another receiver. Hence, we can accurately 
estimate the distance vector between two receivers A and B and then rotate that vector into any 
frame that’s convenient for analysis using a priori knowledge of the receivers postion.  The first 
difference in a double difference removes the satellite clock bias term and is given by  
€ 
LA1 − LB1 = RA1 − cδ1 + cδA + NA1 − (RB1 − cδ1 + cδB + NB1 ) , (E.5) 
! 
MP1 = "L1 + A#L1$1 + B#L2$2,
MP2 = "L2 + A#L1$1 + B#L2$2,
! 
"
! 
"
! 
1+ A + B = 0,
1/ f12 " A / f12 " B / f22 = 0
! 
f1
! 
f2
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 where the L terms represent the carrier phase measurement (
€ 
λφ )	  in	  equation.	  E.2	  and	  the 
superscript represents the satellite number and the subscript represents the receiver.  The error 
terms in equation E.2 for the troposphere, ionosphere, multipath and other sources were left out 
for clarity. So, in this case we are subtracting the carrier phase measurements made by two 
separate receivers to the same satellite at the same time. Notice that the satellite clock term (
€ 
cδ1) 
will cancel out, eliminating any bias from drifting clocks on the satellite.  
 The second difference in the double difference method eliminates the receiver’s clock 
bias and is represented by the following equation 
€ 
LA ,B1,2 = (LA1 − LB1 ) − (LA2 − LB2 ) , (E.6) 
where by subtracting the second single difference between the same receivers, but a different 
satellite, allows the receiver clock bias term to cancel out. However, if the two receivers are 
relatively close (< 1 km), then many of those errors will be eliminated as well. The signal from 
the satellite to each receiver is traveling relatively the same path. Therefore, each range 
measurement has a similar bias term for ionospheric and tropospheric errors and they cancel out 
in the first difference. For larger separations between receivers, the ionosphere free combination 
of the carrier phase measurements can be used to mitigate the error contribution from the 
ionosphere delay. However, that comes with the cost of doubling the errors associated with 
multipath and the carrier phase measurements. Luckily those are relatively small. The result from 
processing GPS data using the double differencing method is very accurate measurements of 
distances between receivers. Those measurements can then be rotated into a useful frame of 
reference using well know a priori coordinates and velocities of a few reference stations. For this 
study we use the double-differenced ionosphere-free combination of the phase measurements.  
